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1 Introduction and Motivation 
1.1 Introduction 
Gas sensors based on metal oxide sensitive layers are playing an 
important role in the detection of toxic pollutants (CO, H2S, NOx, SO2 etc.) 
and inflammable gases (H2, CH4, hydrocarbons etc.) and in the control of 
industrial processes. Tin dioxide is widely used as a basic material for the 
preparation of gas sensing devices operated in these applications.  
It is recognized that together with atmospheric oxygen the presence of 
humidity greatly influences the gas detection. Accordingly, it is important to 
understand the role of water vapour in the sensing mechanism. For this, 
there is a need to complete the phenomenological experiments with 
spectroscopic knowledge [1]. The latter one should be acquired in the same 
conditions in which this type of gas sensors is operated, namely: in air, in 
the presence of humidity and with the sensors heated above 100°C.  
Infrared techniques seem to be most suitable for such tasks. Up to now, 
in the field of metal oxide sensors several phenomenological and 
spectroscopic investigations were performed over the past three decades. 
However, the first spectroscopic investigations on sensors under operating 
conditions were conducted only recently by Benitez et al. [2] and Pohle et 
al. [3, 4].  
In the first case [2], a DRIFT study of the reversibility of CdGeON sensors 
towards oxygen exposure was performed. Their interest was directed more 
towards the bulk material changes as a result of O2 reaction. 
Pohle et al. studied adsorption of water vapour and oxygen on different 
metal oxides (GaO3, WO3, AlVO4, Co3O4) thick film gas sensors in various 
operating conditions using IRES (Infrared Emission Spectroscopy). Among 
others, they found from the spectroscopic and electrical measurements a 
correlation between water adsorption and the evolution of the surface 
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hydroxyl group concentration and in this way it was proved that IR 
spectroscopy is applicable for the study of surface reactions on sensors.  
In our previous experiments on differently prepared SnO2 powders at 
room temperature (RT) [6], we found several surface species like different 
OH groups, coordinated water, oxygen ions and carbonate ions, differently 
hydrated proton species (H3O+, H5O2+, H7O3+ etc. as defined in [6]). 
Furthermore, added CO molecules interact with specific terminal OH groups, 
water and oxygen ions at different reaction rates to form covalently bound 
carboxylate and carbonates groups. Adsorption according to a Langmuir 
isotherm of CO on the surface was also observed. These results differed 
from those of resistance and work function measurements [7], which 
suggested a surface mechanism where CO interacts with surface terminal 
hydroxyl groups forming CO2 with subsequent release of electrons to the 
solid and a proton transfer to a surface oxide anion. This mechanism would 
have been supported by an increase of the absorption bands belonging to 
rooted OH groups, which was not observed in our measurements. 
The disagreement between the electrical and spectroscopic data can be 
caused by 
• different pre-treatments of the samples (the powders were heated up to 
370°C under vacuum conditions, the sensors were heated at 300°C in 
ambient air), 
• different measurement conditions (powder at RT and under vacuum, 
sensors at various temperatures and humidity levels in synthetic air), 
• CO concentration (the measurements on powder were performed with 
pure CO, the electrical and work function measurements in the range of 
30-200 ppm CO in air), 
• the presence of the substrates and electrodes, known to play a role in 
the sensing mechanism, for the case of sensors [8]. 
Accordingly, the main goal of the currently performed work is to bridge 
the gap between phenomenological and spectroscopic methods. This is 
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done by simultaneously characterising the thick film SnO2 sensors by 
electrical and spectroscopic methods under working conditions with a 
special interest in 
• following the surface species evolution (and their electrical counterpart) 
induced by the change of temperature 
• understanding the reaction mechanism between sensors and CO at 
various humidity levels. 
Up to now several home made thick film sensors with different grain sizes 
and with different additives (Pt, Pd, Au) were tested by several methods 
(electrical measurements, work function measurements, UHV spectroscopy 
etc.) [9, 10]. For CO detection the Pd-doped sensor with the grain size 
10 nm was found the most sensitive sensor in humid air. Therefore, DRIFT 
measurements were performed on un-doped and Pd-doped sensors, in 
order to understand the reaction mechanism and the differences induced by 
doping. 
1.2 Motivation 
The goal of this work is to improve the detection of surface species of 
SnO2 thick film gas sensors under their working conditions (at elevated 
temperatures and in humidity) using DRIFT (Diffuse Reflectance Infrared 
Fourier Transform) spectroscopy, and to correlate the sensor signals with 
the relative changes of the DRIFT spectra. Although several spectroscopic 
investigations were performed in the last three decades, the reaction 
mechanisms between the sensor surface and gas are not completely 
understood. One of the main reasons for this might be the fact that the 
spectroscopic investigations were performed on very well defined model 
systems applying experimental techniques, which are usually performed 
under conditions far from the sensors’ working conditions. Diffuse reflection 
infrared spectroscopy is one of the possible spectroscopic techniques, which 
allows performing measurements in the working condition of gas sensors. 
Motivation 
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Its high sensitivity for the detection of surface species makes this technique 
the best possible choice. Therefore in this work, DRIFT investigations were 
conducted for the characterisation of un-doped and Pd-doped thick film 
sensors. Additionally, CO adsorption processes on both types of sensors 
were studied with DRIFT technique for the completion and/or verification of 
the results obtained by various phenomenological investigations performed 
previously on the same samples. 
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2 Basics and Survey 
In this chapter an overview of the different infrared techniques is given, 
and various reflection types which occur after the interaction of 
electromagnetic radiation with the surface of materials are introduced. 
Basics of diffuse reflectance as well as basics of adsorption processes on the 
metal oxide surfaces for the selected gases of interest for this work 
(oxygen, water and carbon monoxide) are presented. Finally, this chapter 
presents an extensive overview on infrared spectroscopic literature on 
different metal oxide (MOx) materials. Additionally, the influences of the 
adsorption processes on the sensor resistance as well as correlation 
between the electrical and infrared spectroscopic data are shown.  
2.1 Introduction to IR Techniques 
Different IR techniques were developed in the past for the 
characterisation of a variety of applications, depending on the nature of the 
sample. One of the mostly used IR techniques is based on transmission. 
However, it is only applicable for transparent samples and with the 
transmission technique opaque samples cannot be studied as well as 
surface species in very low concentrations cannot be detected. In order to 
overcome these problems many other techniques were developed: emission 
(ES), reflection absorption (IRRAS), attenuated total reflection (ATR), photo 
acoustic (PAS), and diffuse reflectance (DRIFT) spectroscopy. For opaque 
samples, DRIFT or ES are the most suitable techniques. ES is capable of 
measuring opaque samples at high temperatures. IRRAS is applicable for 
thin films (thickness of 1-100 µm) of polymers, oils or lacquer deposited on 
metals. The ATR technique is used for the detection of adsorbed species, 
determination of their orientation, and characterisation of (ultra)thin films. 
In this technique, the ATR-crystal (as substrate, reference) must be 
transparent in the IR region and the refractive index of the sample must be 
Diffuse Reflectance Spectroscopy DRIFT 
6 
smaller than the refractive index of the substrate. Semiconductor materials 
like Si, ZnSe, Ge are mostly used substrates in this technique. Photoacustic 
spectroscopy can be applied to almost all types of samples. It is a useful 
technique in particular for the investigation of depth profiling experiments 
on the surface of coated and laminar materials as well as for studies of 
aging, curing and diffusion processes into or out of a polymer matrix.  
2.2 Diffuse Reflectance Spectroscopy DRIFT 
Diffuse Reflectance has been employed for a long time as a versatile 
sample analysis tool for ultraviolet, visible and infrared spectroscopic 
analysis [11]. Initially, its use was restricted to the UV/visible or near-
infrared regions of the spectrum because of the low energy throughput of 
many diffuse reflectance sampling devices, restriction in hardware and 
acquisition procedure. Following the advent of the Fourier Transform 
Infrared Spectrometers (FTIR) and improvements in diffuse reflectance 
accessory design, DRIFT became practical for the use in the mid-infrared 
region.  
Diffuse reflectance spectroscopy is one of the most suitable methods for an 
examination of rough and opaque samples. The technique is especially 
suitable for the detection of surface species in low concentration. 
Additionally, diffuse reflectance measurements can be conducted on heated 
samples. Since the sensitive layer of the examined sensor is polycrystalline 
SnO2 and its working temperature is between 200 and 400°C, it was 
therefore considered most suitable for the characterisation of thick film 
SnO2 sensors. 
2.2.1 Advantages of DRIFT Spectroscopy 
Minimal or no sample preparation: There is no need for a preparation of a 
self-support disc like in transmission spectroscopy. The sample can be 
measured directly. In transmission IR measurements the sample must 
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usually be healed up by thermal activation to obtain the same transparency 
for every sample.  
High sensitivity: Since the beam travels in the sample due to multiple 
scattering, diffraction and interaction of the light with the particles of the 
sample the area of the surface scanned with IR light is 100 to 1000 times 
larger than in the case of transmission (long path length). Therefore, this 
method is very suitable for the measuring species in low concentration. 
High versatility: non-reflective materials, including highly opaque or 
weakly absorbing materials, irregular surfaces or coatings, such as polymer 
coatings on glass fibres, intractable samples through the use of specialized 
sampling devices can be analysed by this technique. 
Capability of performing of the measurements under real life conditions: 
Up to now, several spectroscopic investigations (XPS, UPS, LEED, IR) were 
performed on metal oxides. However, all measurements were performed 
either on very well defined model systems or on the powders at RT mostly 
under vacuum after varying pre-treatments. However, results obtained by 
phenomenological and spectroscopic experiments were not in agreement, 
since different surface species exist on the surface depending on the 
temperature and humidity conditions of the sample. The DRIFT technique 
allows the detection of the surface in different conditions and makes it 
possible to compare or correlate results obtained by different methods. 
2.2.2 Disadvantages 
Separation of the diffuse reflectance from the specular reflectance: Both 
types of reflectance always occur together. Occurrence of the specular 
reflectance in the reflection spectra causes a shifting of band maxima and 
band contortions. In order to eliminate this unwanted specular reflectance a 
special unit is needed, which contains a complex mirror system.  
Adjustment: Since the amount of the diffuse reflectance depends strongly 
on the angle of incident and angle of observation of the IR radiation, a very 
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sensitive adjustment of the system is needed. An insufficiently sensitive 
adjusted system will lose spectral information. Since the number of degrees 
of freedom of the mirrors is between two and four (depending on the 
DRIFT-unit, there are companies with different set ups and different 
models), it is difficult to find the right angle. A good adjustment can take 
several days. 
Sample positioning: The orientation of the sample surface must be strictly 
planar, even small changes in the arrangement of the sample will influence 
the intensity of the recorded diffuse reflectance noticeably. 
2.3 Reflection Types of Electromagnetic Radiation on Mat 
Surfaces 
When infrared radiation is focused onto a surface, it is reflected in several 
ways. Figure 2.1 presents the different types of reflection pathways on 
rough surfaces. First, radiation can be reflected off the top surface at an 
angle of reflection equal to the incident angle. This reflection mode 
represents the true specular reflection (Is), which is a function of the 
complex refractive index and the absorptivity of the material. This mode of 
reflectance dominates on smooth surfaces such as optical mirrors. 
Second, the light can undergo multiple reflections on the surface without 
penetrating into the material. This reflection mode (Ids), called diffuse 
specular reflectance, is also a function of the complex refractive index. 
The third mode of interaction, true diffuse reflectance (Id), results from 
the penetration of the incident beam into one or more sample particles and 
subsequent scattering from the sample matrix. The resulting radiation may 
emerge at any angle relative to the incident angle. Since it has travelled 
through the particles it contains high absorption characteristics of the 
sample material.  
Basics and Survey 
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Figure 2.1: Different reflection types of radiation. Is: specular reflectance, Ids: diffuse 
specular reflectance, Id: diffuse reflectance, Ii: incident beam. 
The DRIFT method becomes more effective when the specular part of the 
total reflection is smaller. In real life it is not possible to separate all 
reflectance types, however there are some technical means to minimize the 
contribution of the specular reflectance. In the measurements performed in 
this work, the presence of the diffuse specular reflection was observed as a 
side effect through the detection of gaseous species like CO2. Since the 
presence of CO2 in the spectrometer and sample chamber is excluded, CO2 
in the gas phase must be only in the sample. This side effect can be 
explained by the nature of the sample, which is a polycrystalline material. 
This polycrystallinity of the sample promotes multiple reflectance of the 
infrared radiation the grains acting as mirrors without penetration into 
grains. Thus the radiation pathway is elongated by the multiple reflections 
within the sample (sensor and substrate) and it enables the detection of 
gaseous species in the cavities. The measured P-R distance confirmed that 
the gaseous CO2 is present in the cavities, since it is smaller than that 
expected for the measurement temperature (Figure 2.2). This observation is 
discussed in more detail in section 4.1.3.3. 
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Figure 2.2: DRIFT-Spectrum of a tin dioxide sensor in the CO2 spectral region. The 
spectrum was recorded with a spectral resolution of 0.5 cm-1 at RT in 
synthetic air. 
Gaseous CO2 and H2O were identified in the pores of some minerals like 
beryl and cordierite by high temperature infrared spectroscopy. Rossman et 
al. reported that structurally bound water in the pores starts partitioning 
into an unbound state with the characteristics of a gas above 400°C. The 
authors observed that the process is fully reversible and the dehydration 
occurs after most of the water is in an unbound state. Contrary to water, 
40% of CO2 still remained after heating to 800°C [12].  
2.4 Intensity Distribution of Diffuse Reflectance: Law of Lambert 
When infrared light arrives at matt surfaces, it will be partly refracted, 
partly reflected and diffracted, depending on the wavelength. In the case of 
short wave lengths (in comparison to the dimension of the crystal) the 
angular distribution of the diffracted part is small. Within the limit of λ → 0 
no diffraction pattern can be observed, and reflection can be described 
individually. Thus, the crystals are like mirrors and oriented in every 
Basics and Survey 
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possible direction, and the radiation will be reflected into every solid angle 
of the half space, from which the radiation originated without penetration 
into the grains. This describes the above mentioned specular diffuse 
reflectance.  
According to this consideration it is plausible that the part of specular 
reflection decreases with the grain size of the sample. 
Precondition of ideal diffuse reflectance is that the radiation penetrates 
into the grains and the radiation is reflected into each solid angle of the half 
space, from which the radiation originated. In order to observe the diffuse 
reflected part of the radiation, the grain size of the sample must be smaller 
than the wavelength of the radiation. Particularly in the case of high wave 
lengths (comparable with the crystal size or higher) the different processes 
(diffraction, reflection and refraction) cannot be separated.  
Lambert laid down the first law of diffuse reflectance, which is given by 
ϑϑαπϖ coscoscos
/ 0 ⋅=⋅⋅= BSconst
d
dfdIr      Eq. 2-1 
where: 
ϖd
dfdIr /  : the radiation efficiency of the reflectance per cm2 and solid 
angle, 
0S   : Irradiance 
ϑα ,  : Incidence angle, observation angle 
B   : Density of radiation [ 2cm
watt
⋅ϖ ] 
The reflected radiation efficiency per cm 2 and solid angle is proportional 
to the cosine of the incident angle and cosine of the observation angle 
(Cosine law by Lambert). The constant indicates the part of the incident 
radiation efficiency, which is reflected. It is always smaller than one, 
because a part of the radiation is always absorbed. 
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Plotting the measured radiation efficiency as a function of the radius vector 
ϑ results in a polar curve called “indikatrix”. Accordingly, from the equation 
2-1, one obtains a circle which is tangent to the radiant area (Figure 2.3).  
The diameter of the “indikatrix” is proportional to the irradiance. The 
reflectance from a unit area into a unit solid angle is only angle isotropic in 
regard to the azimuth and not in regard to ϑ .  
α
ϑ
αcos0 ⋅S B ϑcos⋅B
 
Figure 2.3: Angular distribution of the Lambert radiator [14]. 
2.5 Theory of Diffuse Reflectance: Theory of Kubelka-Munk 
For the description of the diffuse reflectance of a scattering layer 
P. Kubelka and F. Munk developed a well-accepted theory [13]. This 
“Kubelka-Munk theory” is valid under the following conditions: 
1. The sample must be planar. Non-planar geometries can be described 
only when additional assumptions are made. 
2. The sample must have no edge loss. 
3. The optical inhomogeneities in the sample that account for the 
scattering must be far smaller in size than the thickness of the sample 
and must be uniformly distributed over the sample. 
4. The illumination used must be homogeneous and diffuse. 
5. The sample must be made from a turbid material and have a constant 
finite thickness. 
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6. The sample's boundaries must not exhibit specular reflectance. 
7. The sample must be weakly absorbent. 
Kubelka-Munk assumes a sample, which is illuminated diffusely from 
above, and the absence of boundary reflections. Thus there are only two 
semi-diffuse fluxes inside the sample, one travelling down and one travelling 
up. The exact calculation of the total diffuse illumination results in a middle 
optical path length that is twice thickness of the layer [14, p.110]. 
Scattering is described by the diffuse scattering coefficient S, absorption by 
the diffuse absorption coefficient K. 
d
x
0
dx
I
J 
Figure 2.4: Radiation stream in the powder sample for the derivation of the concurrent 
differential equation according to Kubelka-Munk. 
When radiation with the intensity I penetrates (in x direction) through an 
infinitesimal layer of thickness dx, the quantity of the absorbed radiation is 
dxIK ⋅⋅ , the quantity of the scattered radiation is dxIS ⋅⋅ , and the quantity 
of the radiant flux S coming from the bottom side is dxJS ⋅⋅ . The same 
consideration for the radiant flux is valid also in -x direction (Figure 2.4, 
Equation 2-2 and 2-3). 
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SJISK
dx
dI −+=− )(         Eq. 2-2 
SIJSK
dx
dJ −+= )(          Eq. 2-3 
The definition of the reflection R is the ratio of the intensity of the 
radiation leak from the macroscopic surface J(x=0) or I(r) (reflected) and the 
intensity of the incident radiation I(x=0) or I(i) (incident).  
)(
)(
)0(
)0(
i
r
x
x
I
I
I
J
R ==
=
=          Eq. 2-4 
In the case of a very thin layer (thicknesses d) transmission T occurs 
defined as: 
)0(
)(
=
==
x
dx
I
I
T           Eq. 2-5 
The general solution of the differential equations 2-2 and 2-3 in 
hyperbolical form originates from Kubelka [15]. The reflectivity of the layer 
with a non-reflective background with the thickness of d is given in equation 
2-6 [14] 
)cosh()sinh(
)sinh(
)(
1
dSbbdSba
dSb
dSbctghba
Rd ⋅⋅+⋅⋅⋅
⋅⋅=⋅⋅⋅+=    Eq. 2-6 
whereas: 
S
SKa +=  and )1( 2 −= ab  
Since 1)( =⋅⋅ dSbctgh  in the case of ∞→d , the reflectivity of the infinite 
layer can be written in the following equation: 
)2(
1
SKKKS
S
ba
R +++=+=∞        Eq. 2-7 
S and K are related to the linear absorption coefficient k, the linear 
scattering coefficient s and the scattering anisotropy factor g. The original 
Basics and Survey 
 15 
Kubelka-Munk theory puts K equal to 2k and S equal to 2s. R. Molenaar and 
co-workers [16] reported and referred to more recent publications that 
better agreement with experiment is achieved when the following definition 
of S is used 
4
)1(3 kgsS −−=          Eq. 2-8 
with the boundary condition: )1(3 gsk −< . 
The Kubelka-Munk absorption coefficient differs from 0, if 
1. the sample absorbs strongly,  
2. the ideal "white" material is mixed with an absorbing material, 
3. there are absorbing surface species on the particle. 
Reconstruction of the equation 2-6 leads to the Kubelka-Munk unit, f(R∞), 
which gives a linear relationship between the concentration of the adsorbed 
species and the band intensities (similar to the Law of Lambert -
 Beer dcE ⋅⋅= ε ) 
ccons
S
K
R
RRf ⋅==−=
∞
∞
∞ .2
)1()(
2
       Eq. 2-9 
It is supposed that the scattering coefficient S is independent of small 
concentration of adsorbed species, since the scattering coefficient S only 
depends on the matrix (here SnO2).  
It should be noted that both the Kubelka-Munk absorption and scattering 
coefficients (K and S) depend on the wavelength and are valid only for 
monochromatic radiation. It is not totally correct to compare the intensity of 
the species in Kubelka-Munk units absorbed at different wavelengths like in 
the case of Lambert-Beer-Extinction. 
2.6 Specular Reflectance 
In real life, diffuse reflectance and specular reflectance always occur 
together. The reflectance is called specular, when the angle of the outgoing 
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light is equal to the angle of the incident light on the surface interface. The 
direction and the intensity ratio of the incident light to reflected light can be 
calculated with the Fresnel Equation [14]: 
⎥⎥⎦
⎤
⎢⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛
Θ−+Θ
Θ−−Θ+⎟⎟⎠
⎞
⎜⎜⎝
⎛
Θ+Θ−
Θ−Θ−=
2
222
222
2
22
22
sincos
sincos
cossin
cossin
2
1
nn
nn
n
nRspec   Eq. 2-10 
n: ratio of the refraction index of the sample to that of the surrounding 
medium, Θ: angle of the incident light. 
In the case of illumination perpendicular to the surface from vacuum into 
a non-absorbing material, the equation is simplified as follows:  
( )
( )2
2
1
1
+
−=
n
nRspec          Eq. 2-11 
In the case of absorbing materials (which is the case in this work) a 
complex refraction index must be used instead of the real refraction index. 
kininn ⋅−=⋅−= )1(~ κ    and  κ⋅= nk    Eq. 2-12 
κ = absorption index    k = absorption coefficient 
Taking the reflected light by the absorption into account the amplitude of 
the specular reflectance follows from the equation 2-13: 
( )[ ]
( )[ ]22
22
1
1
kn
knRspec ++
+−=         Eq. 2-13 
A comparison of the equations for non-absorbing and absorbing materials 
(equations 2-11 and 2-13) show that the intensity of the specular 
reflectance is higher for the absorbing material than for the non-absorbing 
material and the intensity of the diffuse reflectance is lower (equation 2-7).  
2.6.1 Methods for Minimizing Specular Reflectance 
Additional to the conditions needed for the Kubelka-Munk theory (planar, 
homogenous sample etc.) there are some tricks which help to reduce the 
specular reflectance.  
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The particle size should be smaller than the wavelength of the IR 
radiation (1-50 µm). In the case of larger particle size, a lot of inordinately 
orientated small mirroring surfaces are present, which cause specular and 
specular-diffuse reflectance.  
Glauninger [17] performed a systematic study on silica gel plates to 
reduce or eliminate specular reflectance. The following experiments were 
performed: 
1 Coating of the plates with KBr: In this experiment, KBr solution was 
sprayed on the silica gel plate, which is etherified with long chain 
alkanes, in order to reduce the differences between the refractive 
indexes. It has been shown that very thin layers of the KBr do not 
influence the specular reflection and in the case of very thick layers the 
KBr spectrum is dominant. With the layer thickness of 0.25 mm the 
optimum of the diffuse reflectance was obtained 
2 Adjustment of the height of the sample surface: The complete optical 
geometry of the light pathway is changed through changes of the 
sample position in height. This vertical displacement changes the angle 
of incident and reflected IR radiation, so that a different type of 
reflection can be detected. Mostly, the adjustment of the diffuse 
reflection is done on the basis of an adjustment of the reflection unit, 
until getting maximum intensity of the signal. This leads to difficulties in 
the case of absorbing materials, because therewith the specular 
reflectance is also collected.  
Both the experiments performed by Glauninger et al. and experiments 
conducted for this research shows how the intensity of the diffuse and 
specular reflectance changes at different incident angle of the IR radiation. 
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2.7 Diffuse Reflectance on Absorptive Materials  
One of the conditions of the Kubelka-Munk theory is that the sample 
must be only weakly absorbent. In order to fulfil this assumption absorptive 
samples are diluted with a non-absorptive material such as alkali halides. 
The influence of the refractive index on the spectra must be considered in 
the reflection spectroscopy of strong absorptive samples. In the case of 
samples with a strong absorption band, one obtains an anomalous 
dispersion curve. This indicates that the refractive index is depending on the 
wave length, at the position of absorption (see Figure 2.5). One obtains a 
very high value for the refractive index at the position of the absorption, 
which affects the consistence of the reflected radiation. As can be gathered 
from the equation (Eq. 2-13) for the specular reflectance - in the case of a 
perpendicular incident angle and reflection at interface to vacuum - the 
specular reflectance approaches 1, at high values of κ⋅= nk .  
( )[ ]
( )[ ]22
22
1
1
kn
knRspec ++
+−=         Eq. 2-13 
This means, at the position of a strong absorption, the incident radiation 
is reflected almost 100% as unwanted specular reflectance. Thereby, it 
appears as a reflection maximum, so called “Reststrahlen”, instead of a 
reflection minimum.  
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Figure 2.5: Dependence of the refractive index (n) and absorption coefficient (A) on the 
wavelength. 
2.8 Adsorption Processes on Solid Surfaces. 
The interaction between gases and solid surfaces is a basic process, 
providing an understanding of the working principle of gas sensors. The 
adsorption of different gases depends on the surface structure composition 
and gas molecules. The adsorption can take place in different ways. In the 
following different types of adsorption are roughly described. 
2.8.1 Physisorption 
In the case of physisorption both the geometrical structure and the 
electronic structure of the particle and the surface do not change. There is a 
weak interaction described by van-der-Waals forces between adsorbate and 
surface. The potential of the interacting particles can be approximated by a 
two particle potential, which includes an attraction term and a repulsive 
term. Attraction of the particles is due to electrostatic effects. 
The Lennards-Jones Potential describes this two-particle potential. 
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Where, d: distance between the interacting particles and ε: depth of 
potential. 
In the case of chemisorption and ionosorption the strength of bonding 
between adsorbate and surface is stronger. 
2.8.2 Hydrogen Bonding 
When a covalently bound hydrogen atom forms a second bond to another 
atom, the second bond is referred to as a hydrogen bond. The hydrogen 
bond is usually presented as A-H…B where B is any σ or π electron donor 
site (Lewis base) and A is an atom with electronegativity greater than that 
of hydrogen (C, N, P, O, S, F, Cl, Br). The bond can be asymmetrical, so 
that the proton more strongly bound to one atom than to another, or it can 
be symmetrical where the proton can tunnel between the two equilibrium 
positions. 
The intermolecular force of hydrogen bonds is composed of a van–der–
Waals term and a covalent part. The magnitude of the force of this type of 
bond is between physisorption and chemisorption (~ 0.1 eV). The potential 
energy of this type of bond can be described with a function similar to the 
Lennard-Jones potential (Figure 2.6). The difference to the physisorption is 
the power of the repulsive term. 
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2.8.3 Chemisorption 
A strong interaction between adsorbate molecules and surface dominates 
in the case of chemisorption, which is much stronger than physisorption 
(>5 eV for H2). Through the chemisorption of the molecules, the surface 
construction is changed due to the strong interaction with the adsorbates. 
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Chemisorption can take place molecularly or atomically. The latter one 
proceeds through the dissociation of the molecules on the surface. By the 
chemisorption on semiconductors, the oxidation or reduction states of the 
adsorbate molecules are adjusted. Also, chemisorption changes the 
electronic structure of the adsorbate and the surface, as a chemical bond is 
created, if the electrons are captured in the adsorption complex or they are 
transferred from the adsorption complexes into the conduction band of the 
semiconductors. The corresponding concentration changes of the free 
charges can be measured via changes in conductivity.  
5.
90
 c
m
E c
he
m
E p
hy
s E d
is
s
r
chemisorption
 2X
physisorption
 X2
H-Bridge
X H
2X
E A
, 
de
s
Epot
solid
E H
-b
rid
ge
∆E
 
Figure 2.6: Potential diagram for chemisorption, hydrogen bonding and physisorption on 
the surface. 
Figure 2.6 depicts the potential curves for physisorption, hydrogen 
bonding and chemisorption. As can be seen, the chemisorption takes place 
after physisorption, if the corresponding activation energy is applied. Usually 
this takes place through thermal activation. Therefore, physisorption is 
usually preferred at low temperatures. 
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2.8.4 Ionosorption 
Ionosorption is a special type of chemisorption. By the ionosorption 
atoms or molecules are ionised through capturing of an electron from the 
bulk (conduction band) during the adsorption process. Therefore 
ionosorption can be seen as delocalised chemisorption.  
As a consequence of the charge transfers between molecules and 
surface, the chemical reactivity of the molecules, as well as their electronic 
and geometrical structures, are strongly influenced.  
2.9 Electronic Structure of Semiconductors  
The electronic effect of the adsorption of different gases on the metal 
oxide surfaces can be described by the band model. The fundamental 
conduction model of metal oxide has been discussed in details in [18, 19]. 
In the following, the electronic structure of the semiconductor and changes 
of its band structure by adsorption processes will be described. For 
simplification, the influence of the adsorption processes on the electronic 
band structure will be shown on the basis of oxygen adsorption.  
On the surface of solids, the periodicity of the structure is broken; thus, 
unsaturated sites are created called coordinatively unsaturated sites (“cus”) 
or dangling bonds. With the building of these “cus” new energy levels are 
generated, which can act as a donor or acceptor. A surface charge is built 
up which leads to a space charged layer. This effect is particularly strong in 
the case of adsorption of oxidizing or reducing gases. As an example, 
oxygen adsorption will be illustrated: Oxygen detracts electrons from the 
bulk which causes a broadening of the depletion layer of the free charges in 
the n-type semiconductors near the surface. The broadness of this band 
bending can be calculated using the Schottky model. However, the oxygen 
adsorption is limited due to the band bending. The chemisorption cannot 
take place anymore, if the Fermi level of the bulk is equal to the energy of 
the highest occupied surface states. For the maximal coverage of the 
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surface with oxygen results of the Weisz limitation 1012 to 1013 molecules 
per cm2 [20]. 
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Figure 2.7: Electronic structure of semiconductor before and after gas adsorption on the 
surface. Band bending of a n-type semiconductor.  
Initial point for the calculation of the Schottky barrier (potential barrier 
induced by the band bending) is the one dimensional Poisson equation: 
0
2
2
εεδ
δ
⋅
⋅=Φ iNe
x
         Eq. 2-16 
where,  
Φ :  electrical potential, 
e :  elementary charge, 
iN : number of ions in the space charge area, 
ε :  permittivity of the semiconductor 
0ε :  permittivity of free space (8.853x10-12 As/Vm) 
Integrating the Poisson equation twice results with the substitution 
xbxV Φ−Φ=)(  
where,  
bΦ : potential in bulk and  
xΦ : potential in the edge layer: 
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From this follows directly the height of the Schottky barrier for x=0: 
0
2
0
2 εε ⋅⋅
⋅⋅= xNeV is          Eq. 2-18 
The number of charges Ns placed on the surface can be determined from 
the number of charge carriers which migrate from the region between x=0 
and x=x0 towards the surface: 
si NxN =⋅ 0          Eq. 2-19 
This leads to: 
i
s
s N
NeV ⋅⋅⋅
⋅=
0
2
2 εε          Eq. 2-20 
The Schottky barrier Vs describes the potential between the surface and 
the inside of the semiconductors which electrons have to overcome during 
the free charge exchange. Ns describe the number of the free charges on 
the surface which is created due to adsorbed and charged molecules. The 
charge density in the conduction band (in the case of a n-type 
semiconductor) depends on the Fermi distribution or rather in the first 
approximation on the Boltzmann distribution which takes the height of the 
potential barrier into consideration. For the n type semiconductor is applied 
in the case of fully ionised donors: 
⎟⎠
⎞⎜⎝
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⋅
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EEVeNn sDFCsCs exp
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exp     Eq. 2-21 
where: 
sn  : The density of the free charges on the surface 
CN  : The density of the free charges in the conduction band 
DN  : Ionised donor density 
FE  : Fermi energy 
CE  : Lower edge of conduction band energy 
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T  : Temperature 
k  : Boltzmann constant 
An expression for a free charge density on the surface can be obtained, 
when in equation 2-21 Vs is substituted the expression equation 2-20  
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2.10 IR Characterisation of Metal Oxide Surfaces 
Due to the defects in the crystalline structure in the surface layer of metal 
oxides, the surface structure differs from the bulk structure. The presence 
of surface vacancies leads to forces on atoms in the surface layer that are 
different from those on atoms in the bulk. Therefore, additional absorption 
bands corresponding to the metal-oxygen vibrations on the surface layer 
appear in the spectrum, since the frequency of the IR bands in the 
spectrum is proportional to the square root of the force constant. 
Table 1: Literature overview of metal-oxygen vibration modes of different metal 
oxides in and above the fundamental spectral region. 
Metal 
oxide 
Fundamental 
frequencies [cm-1] 
Region above fundamental 
frequencies [cm-1] 
Reference 
Cr2O3 407,435, 550, 625 820, 890, 980, 995, 1015 [23] 
TiO2 347, 525-700 730, 770, 870, 950  
SnO2 610, 670 970, 1060 [21, 24] 
Co2O3 560, 665 800-1200  
V2O5 600, 800 (broad) 1000-1020 [25, 26] 
WO3 330 
600-950 
1100-800 
[27] 
[28] 
 
The vibration frequencies of the metal oxygen bond on different metal 
oxides are described, discussed extensively and summarized in [21, 22] and 
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references therein. Table 1 shows a small overview and gives frequencies of 
metal-oxygen bonds detected by different IR experiments. 
The fundamental frequency is defined as the frequency of the metal-
oxygen bond in the bulk. The metal-oxygen vibration in the bulk appears in 
the IR spectrum mostly between 200 and 800 cm-1. The metal-oxygen 
vibration in the surface lattice differs from that in the bulk and appears 
usually at higher wavenumbers. The formation of metal-oxygen groups of 
an ionic nature on oxide surfaces [21 and references therein] is equivalent 
to oxygen ions adsorbed on metallic cations. Ions of this type can form on 
surfaces of oxide semiconductors as a result of the transfer of oxide 
electrons to the adsorbed oxygen: 
O2, gas + e
- O2, ads
-
O2, ads
- + e- 2Oads
-
2Oads
- + 2e- 2Oads
2-
 
These oxygen species belong to the surface lattice and their frequencies 
differ from those of M-O bonds in the bulk, because the surface O2- is bound 
to a lower number of metal atoms on the surface. Accordingly, the bond 
between the metal cations and O2- anion is stronger, which causes the 
higher frequency of this band in the IR spectrum. In the literature in this 
spectral region, called “region above fundamental frequencies”, several 
band maxima assigned to metal-oxygen vibrations were observed. The 
reason for this is the different faces and fractures in various planes of the 
lattice of real polycrystalline samples, where the surface metal cation has 
different coordinative saturation values (with respect to oxygen). 
Accordingly, the strengths of the oxygen bonds differ from each other. The 
coordination number of the metal atom influences the frequency of the 
vibration. The lower the coordination number of the metal cation at 
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constant valency, the smaller are the interatomic distances, which causes an 
increase in bond multiplicity. 
The spectroscopic features of the metal-oxygen bonds at the surface are 
summarized in [23]. Metal-oxygen bonds present following individual 
features:  
a. Bands are restored by high temperature oxidation treatment 
b. Bands disappear or shift on adsorption of other molecules 
c. Isotopic exchange by exposing to O18 leads to band shifting 
d. On reacting gases with hydrogen and carbon monoxide the bands 
disappear, due to the creation of surface hydroxyl and carbonate groups, 
respectively. 
Although isotopic exchange experiments with O18 were performed neither 
on powder nor on sensors, other features of the surface metal-oxygen 
bonds listed above were observed in the measurements conducted on SnO2 
powder und sensors in this work. 
The role of all individual surface oxygen species in the sensing 
mechanism of tin dioxide sensor is not clear. The influence of different 
oxygen atoms (bulk, bridging, in-plane oxygen) on the conduction was 
studied theoretically and experimentally by different authors [29, 30]. 
Investigations on SnO2 using UPS (Ultraviolet Photoelectron Spectroscopy) 
and ISS (Ion Scattering Spectroscopy) showed that removal of the oxygen 
atoms in the bridging position leads to the creation of energy levels near 
the valence band. These levels are too deep to be ionised even at high 
temperatures and therefore they do not have any influence on the 
conductance. This result is confirmed by the theoretical study by Rantala et 
al. [29]. However, the same spectroscopic measurements showed that the 
removal of the in-plane oxygen causes the creation of energy levels which 
are located slightly below the conduction band and thus would contribute to 
the conduction. However, a theoretical calculation was not reported in the 
literature for this case. The reactivity and the role of different oxygen 
Adsorption Mechanism of Selected Molecules on MOX Surfaces 
28 
species in the sensing mechanism will be discussed in detail in chapters 
2.13 and 4.1.4. 
2.11 Adsorption Mechanism of Selected Molecules on MOX 
Surfaces 
Up to now a large number of studies were attempted using different 
methods to understand the adsorption mechanism of different gases on 
metal oxide surfaces. In the following an overview of relevant IR studies for 
the adsorption of oxygen, water and CO onto the surface of gas sensitive 
layers will be presented and discussed. The focus is on the adsorption 
behaviour as a function of temperature. The vibrational frequencies of the 
surface species are summarised in Figure 2.8, Figure 2.16 and Figure 2.19. 
2.11.1 Oxygen Adsorption 
It has been reported several times that the interaction of oxygen with the 
sensitive layer plays a central role in gas sensing and catalysis due to its 
reactivity. On the metal oxide surfaces, various oxygen species were 
characterized by several different methods e.g. IR (Infrared), TPD 
(Temperature Programmed Desorption), EPR (Electron Paramagnetic 
Resonance) etc.  
Results obtained by TPD, IR, EPR have shown the form of the different 
oxygen species on the surface as a function of temperature.  
Figure 2.8 [9, references therein] depicts the adsorption of the oxygen 
species as a function of temperature obtained by IR, TPD and EPR 
experiments. 
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Figure 2.8: Oxygen species detected at different temperature on tin oxide surfaces with 
IR (infrared analysis), TPD (temperature programmed desorption), EPR 
(electron paramagnetic resonance). 
By these investigations it was found, depending on the temperature (pre-
treatment), that oxygen adsorbs on the surface in several forms like O2, O2-, 
O-, O2-. According to investigations, molecular species (O2-) are present on 
the surface below 200°C and above this temperature the atomic species in 
form of O- and O2- are present. Especially several oxygen experiments with 
isotopic exchange of 16O/18O helped to characterize the νO-O vibration modes 
of O2- and M-O. For the characterization of the molecular radical form of 
oxygen (O2-) additional to IR measurements EPR measurements were 
carried out. However, systematic experiments for the full characterisation of 
adsorbed oxygen species (O2- in radical form) by isotopic exchange 
experiments on different metal oxides are rare in the literature. For 
example, oxygen related species on SnO2 were extensively examined only 
by Davydov et al. [36], Lenarts et al. [37], Zecchina et al. [23, 38], Harrison 
et al. [39], although SnO2 is one of the most widely investigated materials 
by infrared spectroscopy.  
[24] 
 
[31] 
 
[32] 
 
[33] 
 
[34] 
 
[35] 
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Molecular charged oxygen (O2-) is found on the metal oxide surface at 
low temperatures after the exposure of oxygen to the surface of oxide 
catalysts using IR spectroscopy [21, 36, 38 and references therein]. The O2- 
molecules are stable up to 200°C. Figure 2.9 shows the molecular energy 
diagram of the oxygen molecule and the interactions between the d orbital 
of the metal and the p orbital of the oxygen molecule. 
3dz2-1πga 3dxz-1πga 3dyz-1πgb
3dz2-1πua 3dxz-πga 3dyz-πub
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Figure 2.9: a. The molecular energy diagram for O2. b. Interaction of molecular oxygen 
with the d orbitals of the metal cation for bent structures c. Interaction of 
molecular oxygen with the d orbitals of the metal cation for side-on 
structures 
Table 2 shows the selected oxygen species of type O2- and their vibration 
frequencies on metal oxide surfaces detected by IR spectroscopy. As it can 
be seen from Table 2 the frequency of the vibration depends on the pre-
treatment of the materials.  
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Table 2: Different oxygen species detected on different metal oxide surfaces by 
infrared transmission measurements at various temperatures following 
different pre-treatments. 
Metal 
oxide 
Pre-treatments Species ν [cm-1] Reference 
Evacuated at RT/ 
O2 exposure 
O2- (radical) 985 
Cr2O3 
CO exp. 
At 673 K/O2 exp. 
M=O 1000 
[22] 
 
TiO2 
Pre-treated in 
reduction condition 
O2- (radical) 1060-1180 [21] 
Heated in vacuum, 
then reduction of 
the surface, 
finally O2 adsorption 
O2- (radical) 1045, 1190 [21, 36] 
Heated in O2 atm., 
then reduction of 
the surface, 
finally O2 adsorption 
O2- (radical) 
1140, 1120, 
1100, 1090 
[21, 36] SnO2 
O2/N2 exposure, 
at RT 
Different 
oxygen species, 
no concrete 
assignment 
1370, 1266, 
1140, 1068, 
1020, 970, 930, 
885 
[24, 37]  
At 1000 K heated Super oxide O2- 1126 
CeO2 
At 673 K heated 
in H2 atm 
Super oxide O2- 
Peroxide 
1128 
883 
[40] 
At 77 K 
1162, 1152, 
1132, 1098, 
1090 Co2O3 
At 293 K 
 
1132, 1012 
[38] 
NiO Reduced oxide surface O2- 1070 [22] 
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With the help of combined methods, e.g. IR with EPR run after different 
pre-treatments it was possible to depict the form of molecular oxygen on 
the surface. Giamello et al. [38] reported that the interaction or coupling of 
the O2- ions with different hydroxyl groups depends on the pre-treatment 
(dehydoxylation) temperatures. The authors observed a shifting of the IR 
bands corresponding to the surface hydroxyl groups and changing of the 
band intensity and structure in the νO-O spectral region with pre-treatments 
of increasing temperature 
Figure 2.10 depicts the different O2- molecules adsorbed on the surface. 
 
Figure 2.10: Different adsorbed molecular oxygen ions (O2-) and their interaction with 
other surface species on Co2O3 oxide surface [38].  
The reactivity of the different oxygen species (mononuclear and 
molecular oxygen species) was examined by several methods, e.g. EPR [41, 
42], IR [36]. According to these reactivity experiments, the reactivity of the 
molecular form of oxygen depends on the metal oxide, analyte gas and 
measurement conditions. For example, reactions with CO or alkanes were 
observed only at RT and not at very low temperatures on MgO. At RT, a 
reaction between molecular oxygen on ZnO surfaces and propylene and no 
reactions with CO, H2, and ethylene were observed.  
Basics and Survey 
 33 
In this work, absorption bands appearing in the spectral range between 
1200 and 850 cm-1 were determined on the basis of two experiments: 1) 
different dependence of band intensities on CO content in the time resolved 
spectra; 2) the evolution of the absorption bands during temperature cycles 
(RT-350°C, see chapter 4.1.3). Additional experiments such as D2O and 
16O/18O (for the characterisation of the hydroxyl groups, surface metal-
oxygen and O2- species, respectively) exposure to sensors at working 
conditions are recommended to check the assignments.  
2.11.2 Water Adsorption 
Since water occurs as an interfering gas in the application of gas sensors, 
the sensor surface interaction with water is of great interest.  
Infrared spectroscopy is a powerful method for the detection of water 
related species. IR data for adsorption of molecules and their chemical 
properties are summarized in several books and reviews [21]. The 
adsorption of water generates three types of hydroxyl groups on the metal 
oxide surfaces;  
• Chemisorbed terminal hydroxyl groups (M-OH),  
• Chemisorbed rooted hydroxyl groups which include the lattice oxygen 
(Olat-H),  
• Hydrogen bridged hydroxyl groups (associated hydroxyl groups).  
The vibrations of the terminal and rooted hydroxyl groups appear in the 
IR spectra as discrete absorption bands. A hydrogen bond leads to 
broadening and shifting of the absorption bands assigned to terminal 
hydroxyl groups to lower wavenumbers in the IR spectra.  
On most metal oxide surfaces, several absorption bands with different full 
width at half maximum (fwhm) corresponding to hydroxyl groups were 
detected. A reason for the appearance of several bands due to surface 
hydroxyl groups is the local surrounding structure of these groups and their 
chemical nature. 
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In the literature, the denotation of the hydroxyl group of form M-OH is 
not unique; isolated, free, terminal etc. were used for this groups. In this 
work, terminal hydroxyl groups are used for the M-OH groups (Figure 2.13). 
The word “isolated” expresses that there is no interaction with the 
neighbouring surface molecules. Accordingly, rooted OH groups are isolated 
as well.  
The sol-gel prepared SnO2 surface was extensively investigated by 
Harrison and Guest [43] using infrared spectroscopy (transmission 
measurements) and X-Ray measurements. The authors reported that the 
crystalline tin (IV) oxide exhibits (110), (101) and (100) planes in the ratio 
3:1:1. In the case of the totally hydroxylated (110) plane, two types of 
hydroxyl groups exist on the surface, unidentate hydroxyl groups whose Sn-
O bond axis is orthogonal to the plane (in this work they are defined as 
terminal OH-groups) and geminal pairs of hydroxyl groups (Figure 2.11).  
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Figure 2.11: (110) plane of the rutile structure of SnO2 surface. (a) totally hydroxylated 
surface, (b) partially dehydrated surface, (c) totally dehydrated surface. 
Surface hydroxyl groups are shown as open circles, surface oxide atoms by 
shaded circles. Small shaded circles represent the surface tin atoms. 
The totally hydroxylated (101) and (100) planes show similar surfaces, 
and comprise triple clusters of hydroxyl groups attached to each tin atom in 
the surface (in Figure 2.12 (100) plane of SnO2 surface). The degree of 
surface hydroxylation will be increased if a large number of edges and 
corners are present on the surface. 
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Figure 2.12: (100) plane of the rutile structure of SnO2 surface. (a) totally hydroxylated 
surface, (b) partially dehydrated surface, (c) totally dehydrated surface. 
Surface hydroxyl groups are shown as open circles, surface oxide atoms by 
shaded circles. Small shaded circles represent the surface tin atoms 
In some metal oxides it was found that the oxygen atom of the hydroxyl 
group interacts with a number of immediate neighbouring metal atoms, 
which causes different vibration frequencies. Figure 2.13 shows different 
hydroxyl groups. 
M
O
M M M M M
O O
HHH
(I) (II) (III)  
Figure 2.13: Schematical picture of different hydroxyl groups. 
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The nature of the surface terminal bound hydroxyl groups on metal oxide 
surfaces were studied by several authors [44, 45, 46, 47]. One of the goals 
of these studies was to find a correlation between the spectral features of 
hydroxyl groups and the crystallochemical properties of the oxides.  
A systematic study and a review on Al2O3 is given by Tsyganenko et al. 
[46 and references therein]. Accordingly, the total number of the hydroxyl 
group types depends on the number of surrounding metal atoms, which is 
the cause for the different frequencies of the bands in the spectra. The 
formation of a coordination bond decreases the frequency of the stretching 
vibration. Of course, different pre-treatments of the sample cause the 
appearance of the additional absorption bands which can assigned to 
hydrogen bonds between adjacent hydroxyl groups, for example, if the 
temperature of pre-evacuation not so high or in the case of different 
coordination of surface aluminum ions. On the different modifications of 
alumina (γ, η, χ, θ) more discrete bands (up to nine) were obtained. Such 
heterogeneity can be explained, for example, by the presence of a surface 
cation vacancy, the presence of edges and corners on the surface.  
Figure 2.14 is presenting the role of the edges and corners for the 
hydroxyl structures. An un-dissociated water molecule can adsorb on the 
edge of an already hydroxylated surface, when this is cleaved (Figure 
2.14a). Attachment of the H and OH groups on the edge metal atom leads 
to creation of geminal hydroxyl groups (b). Since the proton affinity of such 
a hydroxyl type (b) would not be high, in case the water dissociation is 
energetically favourable, the proton could be trapped in the cation vacancy 
(c). The degree of surface hydroxylation will increase if a large number of 
edges and corners are present on the surface.  
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Figure 2.14: The role of edges and corners on the hydroxyl groups structures on the 
surfaces 
It must be noticed that the presence of edges and corners influences the 
creation of the hydrogen bond and the reactivity of the surface species. For 
example, the proximity of the hydroxyl groups in the geminal pairs would 
facilitate extensive hydrogen bonds, which appear in the infrared spectra as 
a broad band. 
Zaki and Knözinger studied the chemical nature of the surface hydroxyl 
groups on Al2O3 [45, 47]. The authors were able to distinguish acidic and 
basic hydroxyl groups by employing CO as an adsorbate on the basis of a 
model calculation proposed by [45]. Depending on the coordination of the 
surface cation (Al3+ octahedral or tetrahedral) and the anion (O2-, terminal 
or bridging) the authors were able to calculate net charges, which give the 
acidity of the hydroxyl groups. According to this study OH groups with 
higher coordination number are more acidic (higher positive net charges, 
low frequency). The results of this model are shown in Figure 2.15.  
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Figure 2.15: Correlation of the vibrational frequency of the hydroxyl groups with the net 
charge and coordination of the Al3+ and O2- ions [48]. 
Another example for the acidic/basic nature of hydroxyl groups is the 
formation of ammonium ions on zeolites in which the most acidic group, 
characterised by the frequency in the 3620-3650 cm-1 region [21], is 
involved. Chemical properties of the surface species from the acidic/base 
point of view play a role in the interaction with the exposed gases.  
Table 3 gives an overview of the stretching vibration modes of the 
hydroxyl groups detected on different metal oxides using infrared 
spectroscopy. 
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Table 3: Frequencies of hydroxyl groups detected on different metal oxide surfaces. 
Metal oxide Pre-treatments ν(OH) [cm-1] Reference 
Cr2O3  3720 [22] 
TiO2 
[mainly anatase] 
 3717, 3693, 3668, 3640 
[49, 51, 52, 53, 54] 
[55] 
TiO2 (rutile)  3685, 3655, 3410 [53] 
SnO2 
Dehydrated 
at 350°C 
under vacuum 
(3729), 3655, 3636, 3603, 
3555, 3522, 3480 
[5, 56, 57, 58,] 
CeO2  3689, 3664, 3600, 3517 [52] 
CoO  3673, 3651 [59] 
NiO  3735, 3680, 3630  
ZnO 
RT 
300°C 
400°C 
450°C 
3677, 3657, 3638, 3620, 
3556, 3443 
3670, 3638, 3620, 3567, 
3561, 3443 
3690, 3624, 3595, 3577 
3624 
[50] 
Ga2O3  3720, 3653, 3476 [60] 
ZrO2 
(monoclin+triclin) 
Activation 
at 400°C 
in O2 atm., 
than evacuated 
at 300°C 
and cooled to RT. 
3776, 3740, 3679, (3668) [51] 
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On SnO2 using TPD and IR transmission measurements it was found that 
the interaction with water vapour results in molecular water adsorbed as 
physisorbed or hydrogen bonded and as hydroxyl groups, depending on the 
temperature (see Figure 2.16). According to these studies, above 200°C no 
molecular water is present on the surface, whereas OH groups were still 
detected above 400°C (IR measurements).  
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Figure 2.16: Overview of water related species detected by IR and TPD methods at 
various temperatures on SnO2 surfaces.  
However, the adsorption mechanism of water and the position of the 
hydroxyl groups are still unclear. By electrical measurements a reversible 
increase of the surface conductance in the presence of water was observed. 
The increase of the conductance is not affected by the molecular water but 
by the disappearance of hydroxyl groups. These findings lead to the 
assumption that the conduction could be related to the presence of hydroxyl 
groups [20]. Several mechanisms have been suggested to explain water 
adsorption. Heiland and Kohl proposed two direct mechanisms [20]. The 
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[24] 
 
[66] 
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first mechanism attributes the role of electron donors to the “rooted” 
hydroxyl group, which include the lattice oxygen according to: 
−+ ++−→++ eHOOHSnOSnOH latlatlatlatgas2  
The second possible reaction takes place between the proton and the 
lattice oxygen forming hydroxyl groups bonded to tin atoms. The resulting 
oxygen vacancy produced additional electrons by ionisation: 
−•• +→+−→++ eVVVSnOHOSnOH OOOlatlatlatgas 2;)(222  
Other authors [67, 68] proposed a reaction between chemisorbed oxygen 
and water resulting in two hydroxyl groups linked to tin atoms. 
Another consideration is the interaction between H+ and OH- with an 
acid-base group. The co-adsorption of water with another adsorbate, which 
could be an electron acceptor, may change the electron affinity of the latter. 
Heinrich and Cox [69] suggested that pre-adsorbed oxygen could be 
displaced by water adsorption. In addition, others found hints for an 
influence of water vapour on oxygen chemisorption. They assume that 
water blocks the adsorption site for oxygen [70, 71, 72]. TPD and isotopic 
tracer studies showed a rearrangement of the oxygen adsorbates, due to 
water vapour, depending on the surface doping [62]. 
In this study, only the influence of water on the CO reaction mechanism 
is presented. In order to clarify the water adsorption on metal oxide 
surfaces, additional IR measurements at different temperatures are needed.  
2.11.3 CO Adsorption 
Up to now several studies were carried out in order to understand the 
reaction mechanism of CO adsorption. The adsorption mechanism depends 
on the measurements conditions, e.g. temperature. Infrared spectroscopy 
was used for identifying the CO related species and surface sites. The 
results showed that CO interacts with different surface sites and species, 
since CO can act both as acid and as base (δ-⎟C≡O⎟δ+), which allows it to 
react with both acidic sites of a surface, e.g. with metal cations acting as 
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Lewis acid adsorption sites and oxygen anions acting as Lewis / Brönsted 
bases. For example, at low temperatures CO undergoes an interaction with 
the surface cations and different surface oxygen groups and in some cases 
an interaction between CO and surface hydroxyl groups was observed. In 
the next chapter, the interaction of CO molecules with different surface 
species like cations, hydroxyl groups and surface oxygen species is 
described in detail.  
2.11.3.1 CO Interaction with Cations 
At low temperatures, CO adsorbs differently on the surface cations. 
Adsorption of CO on the surface leads to a shifting of the CO stretching 
vibration frequency (gaseous CO absorbs at 2143 cm-1), usually, to lower 
but also to higher frequencies. A shifting of the vibration frequencies in the 
spectral range above and below the CO in the gas phase were explained as 
follows.  
Two features of the molecular orbitals of CO the adsorption bands in the 
spectral region below the gas phase of CO are explained by organometallic 
chemistry [73]. The highest-energy occupied molecular orbital (HOMO) has 
its largest lobe on carbon. It is through this orbital, occupied by an electron 
pair, CO exerts its σ-donor function, donating electron density directly 
towards an unfilled p, d or hybrid metal orbital. At the same time, CO has 
two empty π* orbitals (LUMO), which also have larger lobes on carbon than 
on oxygen. This localization of π* orbitals on carbon causes carbon to act as 
the principle site of the π-acceptors of the ligand. A metal atom having 
electrons in a d orbital of suitable symmetry can donate electron density to 
these π orbitals (π acceptance). These σ-donor/π-acceptor interactions are 
illustrated in Figure 2.17. Both σ-donation (electron transfer from the 
weakly antibonding 5σ orbital of CO to the empty orbital of metal) and π 
acceptance (electron transfer from the d orbital of the metal ion to the 
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antibonding orbital of the CO) would be expected to weaken the C-O bond 
and to decrease the energy (frequency) necessary to stretch that bond. 
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Figure 2.17: Molecular orbitals of CO (top), σ and π interactions between CO and metal 
atom [73]. 
The reason for the shift of the CO vibration to higher frequencies is not 
clear. It is suggested by several authors that metal atoms without d 
electrons cannot transfer their electrons from the d orbital into the anti 
bonding orbital of the CO, therefore a back donation is not possible, which 
would also cause a shifting of the band maximum to higher frequencies. In 
this case only σ donation exists, which strengthens the bond. Therefore the 
CO absorption can be detected at a higher wavenumber. These complexes 
are unstable and already removed by evacuation at room temperature. 
They are usually formed only under CO atmosphere after high temperature 
treatment in vacuum. Scarano et al. [74] explain the shifting of the CO 
vibration to higher frequencies additionally to the effect of σ donation 
Basics and Survey 
 45 
mainly due to the Stark effect, which is induced in the CO molecule by the 
axial electric field created by a metal atom (Zn2+). According to Knözinger et 
al. [47], purely electrostatic models may well describe the adsorption 
interaction of CO with a cationic surface site, if π-back donation does not 
contribute to the coordination bond and the carbonyl stretching frequency is 
observed at values higher than the stretching frequency of the free CO 
molecules. The authors suggested that the carbonyl stretching frequencies 
of the adsorbed CO is influenced by several simultaneously occurring 
effects. Mechanical coupling between M-CO and MC-O modes (M indicates 
the coordination site) can lead to significant high frequency shifts of the 
MC-O mode. In addition, lateral interaction between CO oscillators may 
occur, if the coordination sites are located on metal and metal oxides are 
located in close proximity (kinematic coupling). The same authors have 
observed absorption bands in the presence of CO on TiO2 (rutile) at 2133, 
2150, 2174 cm-1. The bands at 2133 and 2150 cm-1 were assigned to 
physisorbed CO due to their thermal stability. The authors reported that the 
band at 2174 cm-1 shifted to 2178 cm-1 with increasing temperatures and is 
present up to RT. Due to thermal stability of this band they assumed that 
the band belongs to Tix+← CO complex.  
Table 4 gives a literature overview of adsorbed CO on different oxides 
and detected CO frequencies. 
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Table 4: Vibration frequencies of CO molecules adsorbed on the various oxide 
surfaces. A literature overview. 
Metal oxide ν(CO) [cm-1] Reference 
Cr2O3 2185 [75] 
TiO2 2131, 2192, 2209 [76] 
SnO2 2203, 2200 [5, 28] 
CeO2 2169 [47] 
Co3O4 2190, 2180 [22] 
NiO 2190 [21] 
Ga2O3 2167 [47] 
Fe2O3 2170 [22] 
Al2O3 2195 [47] 
ZnO 
Pt/ZnO 
2190 
2138, 2100, 2095, 2087, 2062 
[74] 
[77] 
 
2.11.3.2 CO Interaction with Surface Oxygen and Hydroxyl Groups 
In addition to adsorption on cations, CO can interact with different 
surface oxygen species and hydroxyl groups. Forms of adsorbed oxygen 
with different reactivity interact with CO to create surface complexes. As 
reaction products differently bond carbonate species were found (see 
literature in Figure 2.19) like unidentate, bidentate carbonates (CO3(2-)), 
carboxylates (CO2-). These carbonates, as well as carboxylate complexes 
decompose to CO2 at the temperature of the catalytic reaction in the 
presence of oxygen in the gas phase. Therefore, these complexes are 
intermediate products of the CO oxidation. Figure 2.18 shows carbonate 
related species, their structure, as well as their absorption frequencies in 
the IR spectra. 
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Figure 2.18: Structure of differently bound carbonate carboxylate species and their 
characteristic frequencies in the IR spectra. 
The summary of results on tin oxide obtained by IR spectroscopy is 
presented in Figure 2.19. Gaseous CO2 was detected as reaction product 
between 200 and 400°C. Experiments summarized in Figure 2.19 were 
performed on a O2 preconditioned SnO2 surface in the temperature range 
between 150 and 400°C.  
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Figure 2.19: Literature survey of CO related species found using infrared spectroscopy at 
various temperatures on O2 preconditioned SnO2 surfaces. 
Additional to the results summarised in Figure 2.19, investigations on zinc 
oxide using infrared spectroscopy showed that, depending on the 
temperature, the oxidation of CO can take place via two mechanisms [21 
and references therein, Figure 2.20]. At low temperatures, the reaction 
proceeds via a concerted mechanism; i.e. the reaction of CO with surface 
oxygen ions and formation of the products occur at the same time. At high 
temperatures, a stepwise mechanism with alternative oxidation takes place. 
A schematic drawing of both proposed reaction mechanisms is shown in 
Figure 2.20. 
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Figure 2.20: Step wise and concerted reaction mechanism for CO-oxygen interaction on 
ZnO. Stepwise reaction mechanism is proposed at high temperatures, 
concerted reaction mechanism is proposed at low temperatures [21]. 
It has several times been pointed out that water presence enhances the 
reactivity of CO [68, 82]. For the explanation of the CO reaction mechanism 
in the presence of humidity, various models were proposed: One of the 
assumptions was that water increases the reactivity with oxygen [62]. An 
increase of humidity causes an increase of oxygen vacancies. Through filling 
of oxygen vacancies by chemisorption specific oxygen sites are formed. The 
increase of available oxygen for CO enhances the sensor signal. The other 
important assumption is the reaction between CO and surface hydroxyl 
groups [9, 68, 83, 84, 85], which was proved by the work function and 
conduction measurements performed on Pd-doped sensors. Accordingly, CO 
reacts with surface terminal hydroxyl groups, which release H atoms in 
order to form CO2. Released hydrogen atoms combine with lattice oxygen 
(rooted hydroxyl groups) and provide donors, i.e. free charge carriers. This 
mechanism would have been supported by an increase of the intensity of 
the absorption bands belonging to rooted OH groups in the DRIFT 
measurements. 
Another reaction mechanism called “Water-Gas shift” reaction (WGS) is 
proposed by means of IR investigations on different metal oxide surfaces.  
222 HCOOHCO +→+  
Occurrence of this reaction depends on the catalyst and temperature 
[22]. The reaction product of the WGS reaction is H2 in the gas phase 
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additional to CO2 with formates groups as intermediate product in addition 
to other carbonyl groups of various types. For a detailed description see 
reference [22] and references therein.  
2.12 Influence of Surface Additives on the Sensing Mechanism 
The functionality of the catalyst is either to increase the concentration of 
reactants at the surface or to lower the activation energy for the reaction, 
or both. Dopants are added to semiconductor materials, in order to: 
increase the charge density in the bulk, obtain grains with well defined grain 
sizes [86], enhance the sensing properties [87, 88, 89, 90], gain faster 
response and recovery time, get better reproducibility. 
The effect of dopants on semiconductor surface is explained by two 
alternative models. Both models assume that the doping particles are 
located at the surface of much bigger grains of tin oxide and are 
homogenously distributed on the surface. 
1. Spill-over or catalytic effect: The spill-over effect is described 
schematically in Figure 2.21. Catalyst particles on the surface are able to 
activate certain gas molecules, e.g. dissociation of oxygen or hydrogen. 
The spill-over effect can accelerate the reaction, which results in shorter 
response times and higher sensitivities. Well known for this effect is the 
spill-over effect of hydrogen and oxygen from metal catalyst (Pt) onto 
the semiconductor support [91, 92, 93, 94]. Since the bonding energy of 
Pt atoms to the hydrogen or oxygen atoms is not so different from the 
bonding energy one hydrogen or oxygen atom to the other, only little 
energy is needed to dissociate hydrogen or oxygen molecules. 
Consequently, the catalyst reduces the energy normally needed for 
dissociation to a great extent. The subsequent spill-over onto tin oxide is 
possible after breaking the rather weak bond between hydrogen and/or 
oxygen and Pt. Hence the catalyst lowers the activation energy needed 
for the dissociation process and increases the probability of a reaction. 
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2. Fermi energy control: By this effect the sensor signal is determined 
mainly by the electronic contact of the semiconductor with the catalyst. 
Oxygen species at the surface of the catalyst trap electrons from the 
semiconductor. Since the density of electrons in the bulk has changed by 
this process, a depletion layer is created and band bending occurs. The 
catalyst particles become oxidised in the ambient gas atmosphere. The 
stoichiometry of the catalyst (MO2-X) depends on the composition of the 
ambient air and so does the position of its Fermi level. At equilibrium, 
the Fermi level of the catalyst and the semiconductor are at the same 
height. Since the gas reacts with the semiconductor via the catalyst, the 
chosen catalyst can strongly change the selectivity of pure tin oxide. 
O-
O-
O-
O-
O-O- O-
2 R + O2
2 RO 
catalysis on metal clusters
no influence on conductance
O2
R
RO
Spill-over on well dispersed catalyst
dissociation of reactants and higher coverage
of surface with interacting species
 
influence on conductance if reaction
takes place on sensitive oxide surface 
e-
O-
O-
O2
Fermi level control:
oxidation of metal
extracts electrons from the
oxide
O-
O-
O- O
-
metal cluster
metal cluster partly oxidized
 
Figure 2.21: Different effects of doping. spill-over effect (left bottom), Fermi level control 
(right bottom). 
2.13 Correlations between Spectroscopic and Electrical Data  
The adsorption of gases leads to changes in the conductance of metal 
oxides, and to the occurrence of new absorptions or changes in existing 
bands, shifting of the already existing absorption bands in the infrared 
spectrum. The change in the conductance is associated with changes of the 
free carrier concentration which can also be detected by means of infrared 
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spectroscopy. Figure 2.22 shows a spectrum obtained through comparison 
of the spectrum recorded at 150°C in dry air with the spectrum recorded in 
the presence of 500 ppm CO.  
4000 3500 3000 2500 2000 1500 1000
0.0
0.1
0.2
0.3
0.4
 500ppm
KM
-u
ni
t
wavenumber [cm-1]
4
3
1
2
 
Figure 2.22: Spectrum of an un-doped sensor in the presence of 500 ppm CO at 150°C in 
dry air. Curve 1, roughly determined Rayleigh scattering from the particle; 
curve 2, scattering from the electrons; curve 3, broad absorption due to 
electronic transition from shallow levels in the gap to the conductance band; 
curve 4, roughly determined course of the baseline resulting from the above 
mentioned effects. 
Changes in the difference spectrum are correlated in two different ways 
with the changes in conductance. Changes in the fine structure caused by 
adsorption and chemical reactions occur on the surfaces which often result 
in a change in the concentration of free charges. Furthermore a broad 
absorption over the total MIR spectral range appears in the difference 
spectra. In the literature, this broad band absorption so called X-Band was 
observed in several infrared investigations performed under different 
conditions (temperature, humidity, different background gas atmosphere 
etc.) [4, 37, 95, 96]. 
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Chiorino et al. studied the broad absorption in detail and separated it into 
three parts as shown in the Figure 2.22, curve 1, presents the scattering 
effect due to the particle size which does not appear in the measurements 
presented in this work, since this was eliminated through the comparison of 
spectra originated from the same sensor. The second effect which 
contributes to the shape and intensity of the broad absorption is scattering 
of electrons in the conduction band (curve 2).  
The X-Band was (roughly shown in Figure 2.22, curve 3) observed in 
infrared spectra of several metal oxide materials (SnO2, Ga2O3) where the 
oxygen content diminishes, because of either a temperature effect, the 
adsorption of another species or a surface reaction of adsorbed oxygen 
species with reducing gas molecules. This broad absorption is interpreted by 
the authors through the absorption of the second donor ionisation energy 
by electrons in the neighbourhood of the oxygen vacancies in the bulk of 
the tin dioxide domain. In the presence of oxygen, the transmission of the 
metal oxide material increases because of the electron capture by all kinds 
of adsorbed oxygen species. Upon a decrease in the surface-charge density 
the transmission decreases because the captured electrons return to their 
position around the oxygen vacancies where they absorb the donor 
ionisation energy for the VO.→ VO..+ e- transition (electronic transition from 
shallow levels into the conduction band, Figure 2.23). The distance of donor 
levels to the conduction band determines the absorption edge in the IR 
spectrum and the density of these levels is proportional to the intensity of 
the absorption band (e.g for the choice of the photoconductive detectors in 
suitable spectral range).  
The maximum and the absorption edge as well as the shape of the broad 
band absorption depend on the measurement condition. For example in our 
measurements, the cut off of the spectra was approximately at 850 cm-1 
corresponding to 0.106 eV. 
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Figure 2.23: Graph of the semiconductor band structure. The absorption edge gives the 
distance between donor level and the conduction band. The density of the 
level gives the intensity. 
On the other side, this interpretation is in contradiction with the results 
obtained by other investigators. It is well known that the donors of singly 
and doubly ionised oxygen vacancies with the donor levels located around 
0.03 and 0.15 eV below the conduction band edge are completely ionised in 
the temperature range for sensor operation (200-400°C). 
In the measurements performed for this study the broad absorption is 
reproducibly detected. Its maximum and intensity depends on the 
measurement conditions. Furthermore, a rough correlation between the 
intensity of the broad absorption and the sensor signal was observed.  
However, in this work it is avoided to interpret this broad absorption. 
Characterisation and origin of the broad band absorption are not in the 
frame of this work. For a better understanding of this broad absorption 
additional studies are needed. The focus of this work is the analysis of the 
spectra and by means of changes in the molecular levels and the proposal 
of the reaction mechanisms.  
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3 Experimental Section 
3.1 IR Spectrometer 
DRIFT spectra were recorded with an FTIR spectrometer (Bruker, 
IFS 66v), which is evacuable up to 10-3 mbar. The quality of the vacuum 
depends on the airflow, which is required for the stabilisation of the 
moveable mirrors in the Michelson-Interferometer. The air is dry and CO2 
free.  
Since the absorption of the surface species, especially bands 
corresponding to surface OH groups, appear in the same spectral region as 
water in the gas phase, and is very small, it is important to evacuate the 
whole spectrometer until it is void of water and CO2. For the measurements 
in this work, the spectrometer was evacuated at least 60 minutes before the 
first spectrum was recorded. Spectra were recorded with the resolution of 
2 cm-1 and in order to get a good signal noise ratio with 1024 scans. 
A schematic drawing of the set-up which allows parallel spectroscopic and 
electrical measurements is shown in Figure 3.1. 
For the spectroscopic characterisation of the sensors different conditions 
(dry/humid air, CO+air mixtures) are prepared. For measuring the Diffuse 
Reflectance a special DRIFT-unit and for positioning of the sensor a special 
home made sensor chamber were used. 
A gas mixing bench allows for the exposure to different gas mixtures. For 
heating the sensors a power supply was used. The humidity level of gases 
was controlled using humidity sensors. Two different humidity sensors were 
used for measuring the humidity in low and high concentration ranges.  
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Figure 3.1: Schematic experimental set-up: It allows the parallel measurements of IR 
absorbance and electric resistance. While the sensor is exposed to gases 
using a gas mixing station, the spectrometer is evacuated. The sensor holder 
is connected to the power supply for heater and multimeter. The humidity of 
the gases was monitored with two humidity sensors, one of them for small 
humidity levels, the second one for higher humidity levels. The gas in the 
exhaust is collected in a special bag and analysed with a IR gas analyser 
based on photoacoustic detection.  
3.2 DRIFT-unit 
A photograph of the DRIFT unit “Praying Mantis” from Harrick with the 
sensor chamber is shown in Figure 3.2. It has six mirrors; two of which are 
ellipsoid mirrors. This mirror arrangement is based on the “off-axis” 
principle [97], it means these ellipsoid reflectors are for the collection of the 
diffuse reflectance. They have a gap in the “specular direction” (in respect 
to the sample surface), which minimizes the specular or direct reflection. 
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Figure 3.2: DRIFT-unit “Praying Mantis” with sensor chamber. Two ellipsoidal mirrors 
collect diffuse reflection. These two ellipsoidal mirrors are positioned on the 
principle of “off axis” which minimizes direct reflection. 
3.3 Sample Chamber 
Figure 3.3 shows the sample chamber for sensors with the sensor holder. 
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gas outlet
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electrical connections
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Figure 3.3: Sensor chamber with sensor holder. 
It is out of black painted aluminium, mounted on an aluminium plate and 
provided with two NaCl windows of a diameter of 20 mm and a thickness of 
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2 mm, which allows for the maximum gain of the diffuse reflectance. The 
windows are placed in the sensor chamber at an angle of 15° (see Figure 
3.3) which is perpendicular to the incident radiation, in order to avoid the 
refraction. For the inlet and outlet of the gas, two metal tubes are 
connected to the chamber. The sensor holder is provided with the electrical 
contacts for heating the sensor and resistance read out. 
3.4 Gas Mixing Bench 
For testing of the sensors under gas exposures corresponding to the 
specific application atmosphere of the sensor the required gas mixtures 
were obtained using a home made gas mixing bench shown in Figure 3.4.  
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Figure 3.4: Schematic picture of a four-channel gas mixing bench. Test gas is introduced 
either from gas cylinders or added by flowing synthetic air through 
vaporisers. The latter is used to adjust the relative humidity. 
The gas mixing bench provided with four computer-controlled mass flow 
controllers and valves can combine up to two test gases with dry and water 
vapour saturated synthetic air. It is operated by a home-made software 
programme called "POSEIDON". The mass flow controllers and the solenoid 
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valves are controlled via a D/A card. The tubing of the gas channels consists 
mainly of (electrical polished) stainless steel pipes; vacuum tight teflone FEB 
tubes were used for the rest of the tubing, i.e. the connections between the 
sensor chamber and the connections soldered in the sample chamber of the 
spectrometer. 
3.5 Sensor Heating 
For heating of the sensor a stabilised power supply (Hewlett Packard DC 
power supply E3610 A) was used. The temperature calibration of the 
sensors was made by using an infrared pyrometer (Maurer KTR 2300-l). The 
pyrometer detects the infrared emission from a measurement spot of about 
1 mm2 and calculates, using the specific emission coefficient ε (εSnO2= 0.75) 
of the material, the temperature of the sensitive layer.  
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Figure 3.5: Calibration of the Pt heater: a) measurement set-up, b) calibration curve. 
A pictorial sketch of the set-up is presented in Figure 3.5a. The 
relationship between the applied voltage and resulting temperature is 
shown in Figure 3.5b. An almost linear relationship between the applied 
voltage and temperature was obtained. 
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3.6 Samples 
The commercial powder was bought from the company “Merck” in 
Germany. According to the information obtained from Merck the powder 
was obtained by direct oxidation of tin at 1200°C. However, they did not 
disclose the exact description of the preparation method.  
Figure 3.6 shows the flow chart of a home-made sensor fabrication 
consisting of two main parts: 1. Preparation of the powder used as sensitive 
layer, 2. Fabrication of the sensor based on these powders using the screen 
printing method. A detailed description of the sensor preparation including 
optimisation of the sensor can be found in [85].  
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Figure 3.6: Flow chart summarising the preparation of SnO2 thick film sensors based sol-
gel method [85]. 
Figure 3.7 (top) shows SEM pictures of powders with grain sizes of 10 nm 
and 100 nm. Both powders are polycrystalline porous materials. Out of the 
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phenomenological measurements it is known that the powder with the grain 
size of 10 nm is very sensitive to CO. Both powders are greatly suitable for 
DRIFT measurements due to their polycrystalline properties and rough 
surfaces. 
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Figure 3.7: Sol-gel prepared tin oxide powder. Top, left: Tin oxide powder with the grain 
size of 10 nm. Top, right: Tin oxide powder with the grain size of 100 nm. 
Bottom: Sensor layout from different side views. 
Figure 3.7 (bottom) shows the sensor layout with dimensions from 
different views. Pt electrodes for heating of the sensor are on the backside 
of the alumina substrate and Pt electrodes with interdigital structure located 
on the top side of the substrate. The sensitive layer is screen printed on the 
interdigital structure. 
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3.7 Drying and Thermal Activation of the Sensors 
After screen printing, the substrate stays at room temperature for 1h 
allowing the paste to settle. Subsequently, the substrate is placed in a 
drying oven set at 80°C. Finally, the substrate is inserted into a moving belt 
oven. During the final annealing "firing", the organic binders of the film are 
removed. The moving belt oven (Centrotherm Centronic DO 1600-60-D5) 
has four individual heating zones. The temperature of each heating zone, 
the speed of the moving belt and the gas flow inside each heating zone 
creating the ambient gas atmosphere around the substrate can be 
individually regulated. The firing profile was adjusted in such a way that a 
gradual heating from room temperature to the maximum temperature (500-
700°C), and a gradual cooling back to room temperature was achieved 
(Figure 3.8). The velocity of the moving belt is adjusted to allow the 
substrate to stay in the maximum temperature zone for 10 minutes. 
Filtered, compressed air was chosen as the gas atmosphere for the firing 
step.  
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Figure 3.8: Temperature/time profile for annealing and thermal activation of the sensors. 
Before the DRIFT measurements on the sensor were performed, the 
sensors were heated in the belt oven with the above described heating 
procedure, in order to eliminate the water content originating from ambient 
air. Besides this the sensor were kept heated at 300°C under laboratory 
conditions. 
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3.8 Sampling of Gases in the Exhaust for the Photoacoustic IR 
Spectrometer 
In order to analyse the gases in the exhaust a FTIR spectrometer (Innova 
1301) based on photoacoustic detection was connected to the sensor 
chamber.  
A pump system is integrated into the Innova 1301 instrument for the 
defined and reproducible purging of the PAS (Photoacoustic Spectroscopy) 
cell. The purge cycle is divided in to several steps: 
1. The sampling tube is purged at a high rate (30ml/s) with the test gas. 
The flush valve is open, the inlet and outlet valves are closed. The length 
of the step can be selected depending on the legth of the sampling tube. 
2. The PAS cell is purged at a low rate (5 ml/s) with the test gas. The flush 
valve is closed; the inlet and outlet valves are open. The lower purge 
rate is achieved by opening a shunt valve, so that the pump works in 
recirculating air operation. The length of this step is fixed to 10 s. 
3. The inlet and outlet valves as well as the shunt valve are closed, the 
pump is turned off and the photoacoustic measurement of the sample is 
started. 
The flow rate of test gas through the PAS cell is 50 ml/min. The exchange 
of an old sample with a new one is only achieved through the dilution effect 
(50 ml/3 ml), i.e. the cell volume is purged 16 times. 
To avoid memory effects, all surfaces in contact with the sample are made 
of inert materials as Teflon (PTFE), viton or stainless steel. For the 
protection of the PAS cell against particles, a Teflon membrane filter with 
10 µm pores is built in the gas pathway. This is needed as intruding particle 
contamination could possibly clog the capillaries to the microphones and 
also decrease the reflectivity of the cell. 
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3.9 Measurement Protocol 
All spectra were recorded as single channel spectra (without reference). 
For the characterisation of the samples at different temperatures, the 
sample was heated at the desired temperatures in synthetic dry or humid 
air until the value of the sensor resistance was stable. For CO 
measurements, the sensors were exposed alternately to air and a CO+air 
mixture for one hour each. 
The measurement procedure is schematically presented in Figure 3.9. A 
spectrum was recorded ten minutes before switching the conditions.  
For the calculation of the –log Reflectivity (-log I/I0) or Kubelka-Munk 
function a pair of spectra recorded just before and during gas exposure 
were used. 
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air air air air air
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Figure 3.9: Schematical presentation of the measurements route. Spectra were recorded 
10 minutes before switching the valves. As reference spectra, a spectrum 
recorded before the respective CO concentration was used. 
3.10 Band Analysis 
The bands in the IR spectra can be fitted by Lorenz, Gauss or Voigts 
functions. The latter one consist of a Gauss and Lorenz part and is the most 
suitable function for the bands obtained in an IR spectrum, since the curve 
form of the IR bands are influenced by homogeneous and heterogeneous 
band broadening. Homogeneous broadening (broadening through the 
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impulse) correspond to a Lorenz profile, heterogeneous broadening 
corresponds to a Gauss profile. 
In this work, the best results were obtained by applying Lorenz and Voigt 
functions. For most of the bands a Lorenz function was used. The Voigt 
function is applied only for the broad band belonging to the hydrated proton 
species. 
For the curve fitting a small spectral range is selected and on this spectral 
range a baseline correction was performed. Through the baseline correction 
the wings of the Lorenz curve are cut. The error is calculated and can be 
found in the literature. The error is between 10 and 20%. In this work the 
error bars are calculated for 10%. 
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Figure 3.10: Schematical presentation of the band analysis. By the baseline manipulation 
the wings of the curves are cut. The difference between the theoretical and 
experimental curve is shown in the picture with the arrows.  
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4 Results and Discussion 
The main focus of this chapter is the characterisation of tin dioxide thick 
film sensors under different conditions like temperature, humidity and 
different gas atmospheres using diffuse reflectance infrared spectroscopy. 
Electrical DC measurements conducted in parallel to the DRIFT 
measurements will also be presented in this section. Parallel recording of 
the sensor resistance acts as reference data in this study. 
In the previous work [98] differently prepared powders with different 
grain sizes (freshly bought and old commercial powders, sol-gel prepared 
powders with a grain size of 100 and 10 nm) were measured by DRIFT-
spectroscopy. These results obtained on powders at room temperature 
under vacuum conditions are roughly included here, because they are very 
helpful for the characterisation of the sensor surface and understanding of 
the sensing mechanism of the thick film sensors, and can be compared with 
the results obtained on the sensor. 
DRIFT and resistance measurements were performed on two types of 
homemade thick film SnO2 sensors (un-doped and Pd-doped). The reason 
for the selection of these types of sensors is their high sensitivity towards 
carbon monoxide. For the characterisation of the surfaces, spectra were 
recorded in dry air between RT and 350°C in steps of 50°C. CO 
measurements were performed at three temperatures (150, 300 and 
350°C), and at five different relative humidity levels (0, 4, 10, 20 and 
50% r.h.). 
For the RT measurements performed on the SnO2 powders a spectrum of 
potassium bromide (KBr) was used as a reference. Since the texture of 
potassium bromide is strongly changing at elevated temperature and 
humidity, alkali halides cannot be used as a reference for the sensor 
measurements. Therefore, spectra recorded in air at the respective 
temperature and humidity directly prior to CO exposures were used as a 
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reference. The spectra recorded at different temperatures are presented as 
single channel spectra (raw data). For the CO measurements spectra are 
presented in KM-units. 
4.1 Characterisation of the Samples 
4.1.1 Characterisation of Differently Prepared SnO2 Powders at RT 
Figure 4.1 shows two spectral ranges in the spectra of four differently 
prepared tin dioxide powders; 1) commercial powder stored for a long time 
in laboratory atmosphere, denoted as old commercial powder, 2) freshly 
bought commercial powder 3) homemade powder with small grain size 
(10 nm, denoted with sg1) prepared by sol-gel method, and 4) homemade 
powder with large grain size (100 nm, denoted with sg2) prepared by sol-
gel method. In order to eliminate contaminants on the surface, powders 
were heated under vacuum prior to the measurements and measured at RT 
under vacuum without contact to atmospheric air. Potassium bromide (KBr) 
powder was used as reference. KBr powder was pre-treated in the same 
way as the tin dioxide powders. 
Freshly bought commercial tin oxide powder:  
The IR spectrum shows several well-defined bands in the OH range 
(4000-3000 cm-1) with various intensities (see Figure 4.1, top, solid line). 
Five main bands with different intensities were observed at 3655, 3638, 
3602, 3558, 3520 and 3479 cm-1. They are characteristic for the OH 
stretching modes of different types of surface hydroxyl groups [43]. The 
cause of different frequencies of these groups lies in their surroundings and 
their coordination number to the neighbouring atoms. In this work two 
types of hydroxyl groups were identified. These are terminal hydroxyl 
groups and rooted hydroxyl groups. 
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Figure 4.1: Different spectral regions of the differently prepared SnO2 powders recorded 
at RT under vacuum, after heating up to 350°C under vacuum. Commercial 
tin dioxide powders (stored a long time in the lab atmosphere and freshly 
bought), tin oxide powders prepared by sol-gel method (denotation sg1: tin 
oxide powder calcined at 450°C, grain size 10 nm, sg2: tin oxide powder 
calcined at 1000°C, grain size about 100 nm ) 
Sharp bands at 3655, 3638 and 3602 cm-1 are identified as surface 
terminal hydroxyl groups, which are defined as hydroxyl group bound to 
surface tin atoms. The bands at 3555, 3520 and 3479 cm-1 are assigned to 
the rooted OH groups. Rooted OH groups are formed through bonding of 
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the hydrogen to a lattice oxygen atom. In a cartoon presentation, all types 
of hydroxyl groups on the metal oxide surface are shown in Figure 4.2.a. 
Both kinds of chemisorbed surface hydroxyl groups (terminal and rooted) 
are created by the dissociation of water molecules on the surface. In this 
work, the assignment of the two types of hydroxyl groups on SnO2-powder 
is based on the frequency shift caused by the isotopic exchange reaction 
(for the terminal OH group the frequency ratio is νOH/νOD = 1.355-1.357, for 
the rooted OH group 1.351 and for coordinated water 1.344) and by means 
of the results of other phenomenological measurements [9, 20, 98]. 
As described in chapter 2.11.2 the surface hydroxyl groups and water 
exhibit several interesting properties from the chemical nature and crystallo-
chemical point of view, which influence the sensing reaction. These 
properties will be discussed in conjunction with CO measurements on 
powder and on sensors presented in chapter 4.1.4. 
In the spectrum a very broad band corresponding to coordinated water, 
H-bonded Sn-OH species [43,57] or hydroxyl groups multiply bonded to 
adjacent Sn sites [57, 99, 100, 102] were also detected in the spectral 
range between 3400 and 3000 cm-1. The band intensity of this absorption 
band decreased after storing in vacuum for two hours. In order to remove 
these bands, the sample had to be evacuated for a longer time and/or be 
heated to a higher temperature. 
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Figure 4.2: Pictorial presentation of different species on the tin oxide surface.   
a) I and II. Differently coordinated terminal hydroxyl groups; III. Rooted 
hydroxyl groups; b) IV. Coordinated water; V. Associated hydroxyl groups; c) 
VI. Free carbonate-ions VII. Chemisorbed oxygen in the lattice; VIII. Oxygen 
ion stabilised on tin atom. 
In the range between 2700 and 2000 cm-1 in the spectrum (not shown 
here) a very broad band was observed. According to [6], the band with the 
band maximum at 2350 cm-1 corresponds to a Zundel structure, H5O2+ ions, 
(from the literature, the vibration modes of H5O2+ ions are: 2990-2850 cm-1, 
2250-2200 cm-1, 1705-1660 cm-1, 1000-900 cm-1). The positions of these 
bands depend on the counter ion (anion). According to the same reference, 
H3O+ ions show a broad band around 2600 cm-1 which is also detected here 
on the various SnO2 powders (the vibration modes of H3O+ ions are: 3380-
3150 cm-1, 2650-2468 cm-1, 1705-1670 cm-1, 1125 cm-1). 
In the low wavenumber region (between 2000 and 1000 cm-1) of the 
spectrum one finds several absorption bands at 1814, 1644, 1367, 1293, 
1256, 1217, 1067 cm-1. These bands are attributed to surface carbonate 
species, the deformation mode of hydrated proton species, the deformation 
mode of hydroxyl groups and metal-oxygen vibrations on the surface.  
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In the following, different vibrations of various oxygen species will be 
discussed in detail, since they play different roles in the sensing mechanism. 
Many oxygen experiments were conducted on different metal oxides in 
different conditions, in order to characterise possible surface oxygen 
species, described in the literature (Davydov [36] and Lenarts [24] on SnO2, 
Zecchina on Cr2O3 [23]). After oxygen exposure, in all studies several bands 
were obtained between 1400 and 850 cm-1 depending on the treatment and 
oxide structure. For example, Lenarts et al. reported the exposure of the 
SnO2 surface to O2/N2 resulting in bands at 1370, 1266, 1222, 1140, 1068, 
1020, 970, 930, 885 cm-1. Davydov et al. performed their oxygen 
experiments on a tin oxide surface reduced with CO. In the infrared spectra 
they detected three absorption bands at 1045, 1133 and 1190 cm-1. 
According to these investigations, three kinds of oxygen vibrations were 
found in the IR spectra. One vibration is between metal and oxygen in the 
lattice (bulk). The frequency of this vibration is in the so called 
“fundamental frequency region” of the spectra. The corresponding 
absorption bands occur in the spectrum at 670, 610, 312 cm-1 (not observed 
in our work because of the detector limitation, cut-off of the MCT detector is 
at 630 cm-1). The second vibration is between metal and oxygen at the 
surface. Since there are defects on the surface the frequency of the 
vibration shifts to higher wavenumbers, in the so called “region above the 
fundamental frequency”, namely at 1060 and 970 cm-1 [21, 23, 36]. Bands 
at 1060 and 970 cm-1 were assigned to metal-oxygen groups of an ionic 
nature on oxide surfaces which are equivalent to oxygen ions adsorbed on 
metal cations. The frequency of the surface M-O vibration depends on the 
coordination number of the metal atoms. The decrease of the coordination 
number of the metal atoms at constant valence causes the reduction of the 
bond distances and increases the number of valence electrons per single 
bond (increase of the bond multiplicity) and accordingly, bond strength and 
frequency increase.  
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The third type of vibration results from the adsorption of the molecular 
form of oxygen [21, 36]. Davydov demonstrated the detection of molecular 
radical-ion forms of oxygen adsorption on the reduced oxide surfaces using 
IR and ESR method. According to these investigations, the frequencies of 
νO-O in molecular charged ions (O2-) appear in the spectral region between 
1190 and 1045 cm-1, which overlaps with the absorption band at 1060 cm-1 
corresponding to the M-O vibration on the surface, and the O2- ions are 
stable up to 200°C. Above these temperatures O2- transforms to 
chemisorbed O2-, building a vibration of M-O bonds as described in chapter 
2.10 and shown in Figure 4.2-VII. The bands at 1190 and 1045 cm-1 were 
assigned to O2--ions stabilized on Sn2+ atoms (νO-O=1045 cm-1) and O2--ions 
stabilized on Sn4+ (νO-O=1190 cm-1). The same CO experiments were 
performed on a defectless tin oxide sample. The spectrum was much more 
complex than the spectrum of the reduced one. Several absorption bands 
were detected between 1140 and 1090 cm-1 which were assigned to either 
molecular forms of O2- stabilised on Sn3+ or more complex oxygen species 
like O3-, O4-). 
In the experiments for this research performed on various tin oxide 
powders absorption bands at around 1045 cm-1 (a broad absorption 
including several absorption bands) and at 1133 cm-1 (as shoulder) were 
detected. These absorption bands are in very good agreement with the 
absorption bands observed in the literature [23, 36, 37]. Thus the 
assignment of these absorption bands are taken from the literature, since 
no oxygen experiments on tin dioxide powder were performed in this work 
and our spectra show similar spectral features. A further indication for a 
true assignment of this band was found by the recording of the time 
resolved spectra on powder in the presence of CO at RT (see Chapter 
4.1.4.1). 
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Old commercial tin oxide powder:  
The spectrum of the commercial powder, which was stored for months 
under laboratory atmosphere, shows the same absorption bands but with 
different intensities (see Figure 4.1, top, short dotted line). Between 4000 
and 3000 cm-1, the intensities of different OH groups are lower than that of 
the OH groups on the fresh commercial powder. In the spectra of this 
powder mainly coordinated water was observed, the amount of which is 
low. The broad band between 2700 and 2000 cm-1 and the bands in the low 
wavenumber region (2000-1000 cm-1) are more intensive than in the case 
of the fresh commercial powder. The long storage time of the samples 
accounts for more hydrated proton species and carbonates. 
Sg1 powder:  
The spectral characteristics of sg1 are very different in the region 
between 4000 and 3000 cm-1 (Figure 4.1, top, the “short dashes-dots” line). 
Here, very broad bands of liquid water, ordered layers of water molecules 
and coordinated water were observed between 3500 and 3000 cm-1 (νwater= 
3400-3500 cm-1). The broad band at 3572 cm-1 corresponds to two 
dimensional hydrogen bonded hydroxyl groups (see Fig. 3, dash-dotted 
line). Their intensity was not affected by evacuation. 
In the other regions, the bands observed for the carbonate ions and the 
different vibration modes of the hydrated proton are also present at the 
same positions as for the fresh commercial powders but with much lower 
intensities. 
Sg2 powder: 
In contrast to sg1 (Figure 4.1, top, the “short dashed” line), the spectrum 
of sg2 shows very intense and sharp OH group bands nearly at the same 
frequencies as in the case of the fresh commercial powder. Only the 
intensity distribution is different. Bands corresponding to coordinated water, 
ordered layers of water molecules or liquid water are not present in the 
spectrum.  
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The bands of hydrated protons are the most intensive. The broad band 
between 2600 and 2000 cm-1 is visibly well separated in single bands with 
the maxima at about 2400 and 2200 cm-1 (not shown here). The band at 
about 1050 cm-1 corresponds to the broad band consisting of more than one 
component (νdefH3O+, νdefH5O2+, νCO3, etc.). Also the bands between 1400 and 
1200 cm-1 are more intensive than in the case of other samples. 
4.1.2 Characterisation of Un-doped and Pd-doped Sensors at RT  
In order to avoid artefacts, single channel spectra are presented in this 
chapter. The reason for this presentation is the difficulty of finding a 
reference, since alkali halides could not be put on the substrate by screen 
printing. It was attempted in this work, but at high temperatures the 
surface structure was completely destroyed. For a good comparison of the 
spectra of the sample and the reference the same surface texture is 
needed. Nevertheless, all expected bands can be seen in the single channel 
spectra. 
Figure 4.3 shows the single channel spectra of un-doped and Pd-doped 
sensors recorded at RT in dry air in the full spectral range (4000-850 cm-1). 
Several sharp absorption bands can be seen in the spectral range between 
4000-3000 cm-1 and 1500-850 cm-1. The spectral range between 3000 and 
2000 cm-1 discussed on the powder is not presented here, since the 
background caused by the optics dominates the single channel spectrum. 
The single channel spectra of both materials at RT are very similar. Only 
the intensity distribution of the bands is different and bands in the spectrum 
of the un-doped material are sharper than in the case of the Pd-doped one. 
In the following, for a better characterisation and understanding, individual 
spectral ranges will be presented and discussed. 
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Figure 4.3: Single channel spectra of an un-doped and a Pd-doped sensor recorded at 
RT in dry air in the full spectral range (4000-850 cm-1). 
Spectral range between 4000 and 3000 cm-1:  
In this spectral range bands at 3659, 3644, 3628 cm-1 are assigned to 
terminal hydroxyl groups and bands at 3555, 3527, 3483 cm-1 are assigned 
to rooted OH groups on the basis of powder measurements (Figure 4.2 a). 
Comparing the spectra of sensors (sensing layer with 10 nm grain size) with 
the spectra of the sol-gel prepared powder of the same grain size, one can 
see that the structures of the spectra, especially in the 4000-3000 cm-1 
range, differ strongly from each other, whereas, the spectra of the sensor 
with the grain size of 10 nm are in very good agreement with the spectra of 
the sol-gel powder with the grain size of 100 nm (sg2). Only the band at 
3729 cm-1 observed on both kinds of sensors was not seen on any of the 
investigated powders (Figure 4.4). 
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Figure 4.4: Spectra of un-doped and Pd-doped sensor recorded at RT in synthetic air in 
the spectral range between 4000 and 3000 cm-1 (top). Spectra of sol-gel 
prepared powder with the grain size of 10 nm (sg1) and with the grain size 
of 100 nm (sg2) recorded at RT under vacuum in the spectral range between 
4000 and 3000 cm-1 (bottom). 
The band at 3729 cm-1 assigned to terminal OH groups (Sn-OH) was 
observed in the literature only on SnO2 powders prepared by a very specific 
preparation method using hydrazin. By this preparation the average grain 
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size is about 3 nm [57, 58]. On the other hand, in several studies bands 
between 3800-3635 cm–1 were observed on Al2O3 [46, 101]. However, in 
the spectra recorded on the bare alumina substrate (see below) no bands in 
the OH range were detected. Therefore, this band must be created either in 
the interface between substrate and sensitive layer by the screen-printing 
process or the sensitive layer contains grains of a size smaller than the 
average of 10 nm.  
The broad band between 3420 and 3000 cm-1 is assigned to coordinated 
water molecules and νOH vibrations corresponding to either H-bonded Sn-
OH species [57, 43] or hydroxyl groups multiply bonded to adjacent Sn sites 
[57, 99, 100, 102]. 
Spectral range between 2000 and 850 cm-1: 
In the spectrum of the un-doped sensor the bands in this spectral region 
are sharper than in the case of the Pd-doped one. In the spectral range 
between 2000 and 850 cm-1 several bands at 1461, 1340, 1285, 1260 1141, 
1054, 979 and 943 cm-1 were detected (Figure 4.5).  
Especially, the band with the maximum at 1340 cm-1 in the spectrum of 
the un-doped material is hardly observable in the spectrum of the Pd-doped 
sensor. Since in this spectral range different modes of several compounds 
are overlapping, it is difficult to make an assignment of the bands. Bands at 
1340, 1285, and 1260 cm-1 are assigned to the deformation mode of the 
different hydroxyl groups. A broad band with the maximum at around 
1620 cm-1 is the deformation mode of water [43]. 
The absorption band at 1461 cm-1 is characteristic for the vibration of 
free carbonate [76, 81, 112]. 
Bands at 1141, 1054 cm-1 were assigned to the molecular adsorbed form 
of oxygen in form of radicals stabilised on Sn3+ and Sn2+ ions. Bands at 979 
and 943 cm-1 were assigned to surface oxygen (Sn-Osurf.).  
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Figure 4.5: Spectra of un-doped and Pd-doped sensor recorded at RT in synthetic dry air 
in the spectral range between 2000 and 850 cm-1 (top). Spectra of sol gel 
prepared powder with the grain size of 10 nm (sg1) and with the grain size 
of 100 nm (sg2) recorded at RT under vacuum in the spectral range between 
2000 and 1000 cm-1 (bottom). 
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4.1.3 Temperature Effects 
Heating and cooling ramps in dry air were applied between RT and 350°C 
for both sensors, in order to determine the influence of the temperature on 
the surface structure. The temperature steps were 50°C with equilibrium 
time period of one day between successive steps. Before the temperature 
ramp the sensor was thermally treated in the oven (see chapter 3.7) and 
heated for about one week at 300°C in air in the laboratory. 
4.1.3.1 Un-doped Sensor 
Figure 4.6 shows the single channel spectra recorded at different 
temperatures (RT, 150, 300 and 350°C) in dry synthetic air. With increasing 
temperature a dramatical change of the spectra was observed over the 
complete spectral range. Looking over the total spectral range general 
changes in the band structure and intensities are observable. 
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Figure 4.6: Single channel spectra of un-doped sensor at different temperatures (RT, 
150, 300, 350°C) in dry air in the spectral range between 4000 and 850 cm-1. 
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In the following two spectral ranges, namely 4000-3000  cm-1 and 2000-
500 cm-1 will be shown and discussed in detail for a better observation of 
the changes on the molecular level. Figure 4.7 presents these two spectral 
ranges of the un-doped sensor at different temperatures in dry air. 
Increasing the temperature leads to the following changes in each 
spectral range: 
In the spectral range between 4000 and 3000 cm-1: 
• The absorption at 3729 cm-1 shifts to lower wavenumbers (at 350°C, 
3719 cm-1), becomes broad and the intensity of this band decreases; 
• Terminal OH groups lose their intensity very slowly. Starting at about 
200°C a new terminal OH group forms at 3623 cm-1; 
• The band intensities of the rooted OH groups decrease continuously. 
Around 200°C the triplet structure is not identifiable and at 350°C they 
vanish (or shift to lower wavenumber) completely. At 350°C a very broad 
band at about 3400 cm-1 appears in the spectra assigned to νOH 
vibrations corresponding to either H-bonded Sn-OH species [43, 57], or 
hydroxyl groups multiply bonded to adjacent Sn sites [57, 99, 100, 102]. 
The intensity of the differently bonded water (coordinated, molecular 
water) also decreases. However, rebuilding of the surface rooted 
hydroxyl groups (at 3481 and 3555 cm-1) was detected during the CO 
measurements on sensors in the presence of humidity and at higher 
temperatures (300 and 350°C, see 4.1.4.2.2). 
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Figure 4.7: Two spectral ranges of un-doped sensor recorded at various temperatures in 
dry air (RT, 150, 300, 350°C). Top: Spectral range 4000-3000 cm-1. 
Characteristic vibration of hydroxyl groups and water related species appear 
in this region. Bottom: Spectral region 2000–500 cm-1, where bands 
corresponding to bending mode of OH/H2O, carbonate like species and 
surface oxygen species appear. 
Results and Discussion 
 83 
In the spectral range between 2000 and 850 cm-1: 
• The intensity of the band corresponding to the deformation mode of 
water decreases; 
• In the spectral range between 1400 and 1200 cm-1, the band with the 
maximum at 1369 cm-1, which was existing probably as shoulder can be 
clearly seen in the spectrum. Comparing the evolution of the absorption 
bands in this spectral range with the OH spectral range shows parallels, 
which leads to the assignment that these bands present the deformation 
mode of the hydroxyl groups;  
• First a shifting, then a broadening of the bands corresponding to 
different oxygen species (1200-850 cm-1) was observed. As mentioned 
above the deformation mode of the hydroxyl groups and the stretching 
vibration mode of the oxygen molecular ion are partly overlapping. 
Therefore, the exact assignment of the absorption bands is very difficult 
and additional measurements (like oxygen 16O, 18O and D2O 
measurements) are needed for correct assignments. 
Shifting of the bands (between 4000 and 3000 cm -1) to lower 
wavenumbers with the increasing temperatures might be caused by the 
interaction of hydroxyl groups with the molecular adsorbed form of oxygen 
ions (see Figure 2.10), since a broadening of the bands was observed in the 
spectral range where the molecular adsorbed oxygen appears (in the range 
between 950-1300 cm-1). 
In the cooling ramp, all bands were redetected, but with much lower 
intensities. At the moment, the reason of this reproducible rearrangement 
of the surface species, especially absorption bands corresponding to the 
surface hydroxyl groups, depending on the temperature is unclear. 
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Figure 4.8: Effect of temperature cycle on the surface species. Spectra of un-doped 
sensor at RT in dry air before heating up to 350°C and after cooling down to 
RT. 
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4.1.3.2 Pd-doped Sensor 
Figure 4.9 shows some selected single channel spectra of Pd-doped 
sensor recorded at various temperatures between RT and 350°C in dry air. 
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Figure 4.9: Single channel spectra of the Pd-doped sensor at different temperatures in 
dry air. 
During the temperature cycle, very similar changes in the spectra of the 
Pd-doped sensor were observed during the temperature cycle like on the 
un-doped sensor. With increasing temperature, both bands detected at 
1340 and 1365 cm-1 at RT on the un-doped sensor appear also on the Pd-
doped sensor.  
Over the full spectral range, no Pd related signal was detected.  
4.1.3.3 Substrate 
Additional to SnO2 thick film sensors the Al2O3 substrate provided only 
with a Pt-electrode was characterised at different temperatures (Figure 
4.10).  
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In the single channel spectrum of the substrate recorded in dry air the 
asymmetric vibration mode of gaseous CO2 was observed. Since the 
presence of gaseous CO2 in the sample chamber and spectrometer is out of 
the question, the gaseous CO2 must be in the pores of the substrate.  
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Figure 4.10: Single channel spectrum of Al2O3 substrate at RT. 
Investigations at higher temperatures show an increase of the PR 
distances (Figure 4.11, left) due to the Boltzmann statistics, but no changes 
of the rotational constant B. Gaseous CO2 was also observed on the sensor. 
The PR distances in the spectrum of substrate and sensor are different 
(Figure 4.11 right). By means of PR distances, the temperature of the 
surface is: 
Bk
chT PRcal ⋅⋅
−⋅⋅=
8
)~~( 2νν           
Whereby: 
H  : Planck constant,  
c  : speed of light ,  
k  : Boltzmann constant,  
B  : rotational constant,  
Rp νν ~,~  : maxima of the P and R rotation vibration bands.  
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Figure 4.11: Left: DRIFT-spectra of the alumina substrate with higher resolution in the 
spectral range between 2500 and 2200 cm-1. Right: Comparison of the 
spectra of the substrate and sensor in the CO2 spectral range. 
Table 5 shows the PR distances of CO2 and calculated temperatures of 
the substrate, sensor and in the gas cell (at RT) [103]. 
Table 5: PR distances in the vibration rotation spectra of CO2 at RT and at 498 K 
measured on SnO2 sensor, Al2O3 and in a gas cell. The calculated 
temperatures deviate from the set temperatures.  
Sample Tset [K] ∆PR [cm-1] Tcal [K] 
SnO2  298 12 67 
Al2O3  298 20 184 
Gas  298 25.5 298 
Al2O3  498 29 385 
 
One can see in Table 5 that the PR distances on the sensor and substrate 
at RT differ from that of CO2 measured in the gas cell. Accordingly, at 
higher temperatures, the calculated temperature is much lower than the set 
temperature. The calculated temperature is an apparent temperature. The 
PR distances vary also in SnO2 and the substrate, probably because of the 
different pore sizes (Figure 4.11 right) of the material. One can imagine that 
the rotation of the molecules is hindered like in viscous media. This 
hindrance becomes especially noticeable in the occupation of higher 
excitation states. These states are not as strongly occupied at higher 
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temperatures as expected. Therefore, the distance between the maxima of 
the PR branches are smaller than in the case of free CO2 in the gas cell, 
corresponding to a lower temperature.  
It should be noted that DRIFT measurements on several Al2O3 substrates 
and SnO2 sensors were performed. Although the synthetic air used in the 
measurements was of the same quality (even the same bottle), gaseous 
CO2 was not detected on all samples. Most probably it depends on the 
history of the sample (storage atmosphere). 
Gaseous CO2 and H2O in the pores or channels were identified also in 
other studies using high temperature infrared spectroscopy on minerals like 
beryl and cordierite. Rossman et al. [12] reported that structurally bound 
water in the pores starts to partition into an unbound state with the 
characteristics of a gas above 400°C. The authors found that the process is 
fully reversible and the dehydration occurs after most of the water is in the 
unbound state. Another observation was that whereas all water molecules 
were released, 40% of CO2 remained after heating to 800°C. This result 
confirmed our interpretation, since measurements in this study were 
performed between RT and 350°C.  
A second explanation for our assumption, the CO2 being in the pores, is 
that the concentration of CO and CO2 is too low to be detected in such a 
small sensor chamber. In order to detect low concentration of gases, long 
gas cells (20-25m pathway) are generally needed. 
4.1.3.4 Summary of Characterisation 
Un-doped, Pd-doped sensors and alumina substrate were characterised 
at different temperatures (RT-350°C) over the middle infrared spectral 
region (4000 and 850 cm-1). On both sensor types different types of isolated 
hydroxyl groups (terminal and rooted), associated hydroxyl groups, water 
and different oxygen species were detected. The intensity distribution of the 
surface species on both sensors is different. Except for the band at 
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3729 cm-1 all bands could be assigned. On the sensors, no bands 
corresponding to carbonate like species were detected, which were 
observed on differently prepared tin dioxide powders at RT. On the 
substrate only CO2 in the gas phase as surface impurities in the pores of the 
material was detected. Although the results obtained on sg1 and on the 
sensor (the sensitive layer of the sensor is the sg1 powder) show a very 
different structure, in general the results obtained by direct measurements 
on the sensor at room temperature are largely in agreement with the results 
obtained on powders in earlier experiments conducted for this research and 
those found in the literature. 
With increasing temperature a rearrangement of the surface species on 
the tin oxide surface of both types of sensors was observed, which is the 
cause for the changes in the sensor resistance. An exact description of this 
rearrangement (especially in the OH spectral range) could not be drawn. 
Additional in-situ measurements are needed for a better understanding of 
the rearrangement. Anyhow, obviously this easy reorganisation of the 
surface species is favourable for the CO reaction, which causes changes in 
the sensor resistance. During the cooling process the same bands detected 
in the heating-up process are returning to the same position with the same 
structure but with lower intensity and different intensity distributions. 
During the temperature experiments, the sensor resistance - determined by 
the surface net charges due to surface species - changes due to the 
changes of the surface structures (rearrangement of the surface species). 
On the other hand, in the cooling step the sensor resistance has a different 
value than at the heating steps, which is caused by the concentration of the 
net charge changes during the thermal treatment.  
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4.1.4 CO Measurements 
4.1.4.1 CO Measurements on the Commercial Tin Dioxide Powder at RT 
The fresh commercial powder was brought in contact with pure (99.8%) 
CO for 50 minutes (the valve was closed, and afterwards the sample was 
kept in the same conditions for another hour). Immediately after the 
exposure the following changes in the spectra were observed:  
• A continuous decrease of the bands at 3638 and 1217 cm-1 
corresponding to the stretching and bending mode of hydroxyl groups; 
• An extremely fast decrease of the bands at 1367 and 1067 cm-1 
corresponding to the free carbonate and surface oxygen species (the 
band at 1067 cm-1 has not completely vanished); 
• An increase of the broad band corresponding to hydrated protons; 
• The formation of new bands at about 2200 cm-1; and 
• The formation of bands at 1584, 1512, 1268 and 1224 cm-1. 
Figure 4.12 shows the intensity changes of water related species 
appearing in the spectrum between 4000 and 3000 cm-1 in the presence of 
CO. The top diagram shows the spectra in equilibrium situations and the 
bottom one shows the spectra recorded during the CO exposure (time-
resolved spectra). The time resolved spectra and a quantitative band 
analysis revealed that only the band corresponding to terminal OH groups at 
3638 cm-1 was influenced quite dramatically in the presence of CO while the 
intensity of other hydroxyl groups was not influenced. This species was also 
proved to be a very active surface site in the experiments dealing with 
exposure to deuterated water [50], not shown here. Furthermore, CO 
exposure to the SnO2 surface leads to a reduction of the band intensity of 
the broad band (3362 cm-1) assigned to the associated hydroxyl groups and 
coordinated water and one observes a shift of the band maximum to lower 
wavenumbers (3280 cm-1). 
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Figure 4.12: Top: Spectra in OH spectral range recorded before CO exposure, after one 
hour of CO exposure and after heating in vacuum. Bottom: Time resolved 
spectra during CO exposure. 
In the intermediate wavenumber range, at about 2200 cm-1, a new band 
was formed, which vanished after evacuation (Figure 4.13, top). Since this 
band vanishes by evacuation, it can be ascribed to physisorbed CO. The 
time resolved spectra (Figure 4.13 bottom) show changes in both the band 
structure and the position of the band maximum during the CO exposure. 
By the studies of CO adsorption on pure Al2O3-TiO2 surfaces, Knözinger 
[104] reported an increase of CO concentration leads to a shift of the band 
maximum and the creation of new bands. The bands at 2203, 2193 and 
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2180 cm-1 can be assigned to CO coordinated to Sn4+ acid sites having 
differing acidities. The band analysis shows that CO adsorbs on the surface 
according to a Langmuir isotherm and the process stabilizes after 25 
minutes (Figure 4.14). 
2600 2400 2200
0.000
0.002
0.004
0.006
0.008
21
20
23
23
22
04
 before CO exposure
 after CO exposure
 after evacuation and heating
 
-lo
g 
R
ef
le
ct
iv
ity
wavenumber [cm-1]  
2500 2400 2300 2200
0.000
0.001
0.002
0.003
0.004
0.005
t=0 min
2316
2164
2242
2198
2198
2200
2183
2204
 
t=40 min.
t=50 min.
t=30 min.
t=10 min.
-lo
g 
R
ef
le
ct
iv
ity
wavenumber [cm-1]  
Figure 4.13: Top: Middle spectral range before and after one hour of CO exposure. 
Bottom: Time resolved spectra during CO exposure. 
During the CO exposure the half width at half maximum (hwhm) and the 
structure of the very broad band between 2600 and 2000 cm-1 assigned to 
hydrated proton species show an extreme increase during the first 10 
minutes. Afterwards, the band structure and the intensity do not change 
significantly. In parallel to this increase of the H3O+ concentration, the 
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bands present at 1367, 1050 cm-1 decrease in the same time scale. After 10 
minutes of CO exposure the band at 1367 cm-1 was nearly eliminated, while 
the band with the maximum at 1067 cm-1 was still present with a clear 
decrease of its intensity.  
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Figure 4.14: The changes of the area of the band corresponding to the weakly bound CO 
as a function of time. The form of the curve is similar to a Langmuir 
isotherm. 
Also, during further CO exposure new bands appeared at 1584, 1512, 
1268 and 1224 cm-1. The analysis of the time resolved spectra shows that 
the intensity of the bands at 1584 and 1224 cm-1 as well as the bands at 
1512 and 1268 cm-1 increase with the same rate (Figure 4.15). The bands 
at 1584 and 1224 cm-1 are assigned to symmetric (O-C-O) and anti-
symmetric (O-C-O) stretch vibrations of chelating bidentate carbonates 
[105, 106, 107]. The bands at 1512 and 1268 cm-1 were assigned to the 
symmetric and anti-symmetric (O-C-O) vibration of surface carboxylate 
group [105]. The quantitative analysis shows that the creation of these 
bands runs parallel to the decrease of the surface hydroxyl group at 
3638 cm-1, which is an important aid for formulating the reaction equation. 
In the spectrum recorded after two hours, a weak band at 1726 cm-1 was 
detected which is assigned to the symmetric C-O stretch vibration of 
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bridging bidentate carbonates. The anti-symmetric C-O stretch mode is 
between 1200 and 1150 cm-1. This band was not observed in the time 
resolved spectra, recorded continuously during the first 50 minutes of CO 
exposure. 
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Figure 4.15: Top: Spectral range between 2000 and 1000 cm-1 before and after one hour 
of CO exposure. Bottom: Time resolved spectra recorded during CO 
exposure. 
Two types of carboxylates are described in the literature. For example, in 
the Willet’s description both oxygen atoms of carboxylates molecules are 
bound to the metal cation, while in Davydov’s description there is no bond 
between oxygen atoms of the carboxylate molecules and the metal atom 
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(as formates). Table 6 shows two structures of carboxylates drawn by 
different authors. The observed frequencies of the symmetrical and 
asymmetrical vibration modes are at higher frequencies for the ionized form 
(difference between νas and νs in both cases is more or less the same). 
Whereas on the powder measurements performed under static conditions 
bound carboxylates (I) are present, on the sensor performed under dynamic 
conditions at higher temperatures, ionized form of carboxylates (II) are 
present. For a better understanding of the surface reaction mechanism, the 
form of the carboxylates on the surface must be clearly defined (ionized or 
bonded). 
Table 6: Literature overview of surface carboxylate in terms of structure and 
absorption frequencies. 
Structure Observed frequencies [cm-1] Reference
I 
M
OO
C
 
1520-1560 (νas) 
1300 (νs) 
[81] 
II 
M
n+
OO
C
 
1630-1560 (νas) 
1420-1350 (νs) 
[22] 
 
Additionally, in this spectral range unidentate carbonates (νas(COO-)=1547, 
νs(COO-)=1370 and ν(C-O)=1080 cm-1) were detected on the commercial 
powder in the presence of pure CO. 
A quantitative analysis for each absorption band is performed, in order to 
find a correlation between the chemical compounds which helps us in the 
construction of a possible reaction mechanism. The results of band analysis 
(Figure 4.14, Figure 4.16) show, firstly, that the intensity of the OH groups 
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at 3638 cm-1, carbonate ions, hydrated proton and physisorbed CO start to 
change at the same time, namely 4 minutes after the beginning of CO 
exposure, while the covalent bound carboxylate creation starts after 8 
minutes.  
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Figure 4.16: Results of band analysis for different surface species. 
The second conclusion derived from the band analysis is that the 
carboxylates are created after nearly all of the above mentioned OH groups 
have reacted.  
On the basis of Figure 4.16 the surface process can be described as a 
consecutive reaction, CBA
kk *11 →→ , with an exponential decrease of reactant 
A. The increase of B as the intermediate product takes place with the same 
gradient as the decrease of A at the beginning of the reaction. The rate of 
reduction of the reactants and the rate of increase of the intermediate 
products depend on the ratio of the reaction constants. If *
1
1
k
k  is big, the 
reduction of A is fast and the concentration of the intermediate product is 
high. If *
1
1
k
k  is small, the decrease of A is slow and the concentration of B is 
low, like in our case. However, we could not identify the intermediate 
product, most probably due to its very low concentration or due to 
measurement conditions (e.g. temperature). Possible intermediate products 
occur probably only at high temperatures under dynamic conditions (see 
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chapter 4.1.4.2). After reheating the powder at high temperatures (~470°C) 
under vacuum over night the broad band between 2600 and 2000 cm-1 and 
the band at about 1050 cm-1 increased and all bands corresponding to 
carbonate like species and water related species vanished completely. 
The above description of experimental facts suggests that several 
reactions are taking place upon CO exposure. According to the analysis of 
the time resolved spectra and the band analysis the following reactions 
seem to take place:  
CO can react directly with surface water to form formic acid, which can 
dissociate to H+ and HCOO- (1). H+ can protonate water molecules (3 and 
4) and HCOO- can react to CO2 and water (2). The creation of the CO2 
however could not be detected. 
−+ +→→+ HCOOHHCOOHCOOH 2      (1) 
−−− ++→+ eCOOHCOHCOO 432 2223       (2) 
++ →+ OHOHH 32         (3) 
++ →+ 2522 OHOHH         (4) 
Smiltaneously CO reacts with oxygen ions (O-), which leads to the 
creation of the covalent bound surface carboxylates, and with a particular 
terminal OH group, which leads to the covalent bound surface chelated 
bidentate carbonate involving the oxygen ions. In this reaction protons are 
created. The new protons can also move to the already existing carbonate 
ions, so that the increase in the proton concentration moves the equilibrium 
to the left side of the equation (6) (carbonic acid side). However, the latter 
one is not stable and decomposes into the surface covalent bound bidentate 
carbonate and a proton. The reactions can be formulated as: 
( )ecarboxylatCOOCO −− →+ 2        (5) 
( ) −+−− ++−→+−→+−+ eHCOSnOCOOHSnOOHSnCO 23   (6) 
−++− ++−→→+ eHCOSnCOHHCO 222 33223     (7) 
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The result is the creation of covalently bound carbonate-like species: 
carboxylate vibrating at about 1268 and 1512 cm-1, chelating bidentate 
carbonate (at 1223 and 1585 cm-1) and bridging bidentate carbonate (1726, 
~1200 cm-1). All of them appear with a significant delay when compared to 
the physisorption of CO and reaction of OH groups, carbonate ions and, 
most probably, oxygen ions. 
4.1.4.2 CO Measurements on the Un-doped Sensor 
Different CO concentrations (30, 60, 125, 250, 350, 500 ppm) were 
exposed to the sensor at various temperatures (150, 300 and 350°C) and at 
different relative humidity levels (0, 4, 10, 20 and 50%) in order to examine 
the temperature and humidity effects on the gas sensing mechanism. In all 
measurements, the spectrum taken directly prior to CO exposure was used 
as a reference (detailed description in 3.9), in order to eliminate effects 
coming from the substrate. In the temperature cycle experiments described 
above it was demonstrated that the surface structure changes dramatically 
at about 200°C. In order to understand the influence of the changes of the 
molecular structure on the conductivity, measurements were performed at 
three temperatures (150, 300 and 350°C). One temperature was lower than 
the operation temperatures and two temperatures were in the operating 
temperature range. 
4.1.4.2.1 Influence of operation temperature on CO detection 
In the first set of experiments, the influence of temperature as a function 
of CO concentration on the DRIFT-spectra and on the sensor signal was 
investigated. 
Figure 4.17 shows spectra recorded at 150°C in dry air in the presence of 
different CO concentrations over the spectral range between 4000 and 
850 cm-1. Spectra are presented in KM-units which give a linear relationship 
between the band intensity and the concentration of the adsorbed surface 
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species. Spectra recorded in synthetic dry air direct prior to CO exposure 
were used as reference. 
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Figure 4.17 Difference spectra in the presence of CO in different concentrations (30, 60, 
125, 250, 350, 500 ppm) at 150°C in dry air. Spectra before each CO 
exposure in dry air were used as reference. 
Exposure to CO of the tin oxide surface leads to different changes in the 
spectra: 1) On the molecular level, the band intensities of the already 
existing absorption bands change and new absorption bands are created. 2) 
Additionally, a broad absorption covering the total middle infrared (MIR) 
range appears in the spectrum, the intensity of which increases linearly with 
CO concentration. 
For better illustration of the changes in the spectra, individual spectral 
ranges are shown (4000-3000 cm-1, 3000-2000 cm-1, 2000-850 cm-1) in 
Figure 4.18-Figure 4.20. 
The following information was extracted from the infrared spectra during 
CO adsorption at 150°C: 
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1. In the OH/H2O range, all bands corresponding to the different hydroxyl 
groups and water decrease in the presence of CO. No specific CO 
interaction was found. On the powder, an interaction between only one 
type of hydroxyl group (located at 3638 cm-1) and CO was observed 
(see chapter 4.1.4.1). 
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Figure 4.18: OH/H2O spectral range of spectra recorded at 150°C in dry air, in the 
presence of various CO concentrations (30-500 ppm).  
2. In the middle spectral range, between 3000 and 2000 cm-1, the broad 
absorption (at 2550 cm-1) assigned to hydrated proton species which 
was observed during the powder measurements was also detected. 
Two bands with a rotation–vibration fine structure with the 
characteristic absorption at 2350 and 2143 cm-1 were also detected 
which corresponds to gaseous CO2 and CO, respectively. While 
hydrated protons (H3O+) and carbon dioxide (CO2) are the main 
products of the reaction, CO is remaining as reactant. Both gases are 
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in the pores of the sensitive layer (characterized by the narrow P-R 
distance). 
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Figure 4.19: Spectral range between 3000 and 2000 cm-1 in the presence of different CO 
concentration (30-500 ppm) at 150°C, where hydrated proton species, CO 
and CO2 appear in the spectra. 
3. In the spectral range between 2000 and 850 cm-1 the bands assigned 
to the deformation mode of hydroxyl groups, the deformation mode of 
water, and different surface oxygen species decrease. In addition, the 
creation of two relatively broad absorption bands with the maxima at 
1750 and 1660 cm-1 was detected. In this work the band at 1750 cm-1 
is assigned to the symmetrical vibration mode of bridged bidentate 
carbonate (νC=O in carbonate ion). The asymmetrical vibration mode of 
bridge bidentate carbonates (νas, COO-) is expected to be at 1200 cm-1 
and the symmetrical one at about 1050 cm-1. These two vibrations 
were not observed in this work. The reason for this might be an 
overlapping of these bands with the bands ascribed to deformation 
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modes of the surface hydroxyl groups and surface oxygen species, 
which are decreasing in the presence of CO. The observed frequency 
of the symmetrical vibration mode (νC=O) of bidentate carbonate is 
high. In the literature, this phenomenon is explained by the covalency 
of the M-O bond in the carbonate complexes, which influences the 
frequency of the bands belonging to the symmetrical and asymmetrical 
vibration mode of the carbonates. It was found that the fully covalent 
bond, as dimethyl carbonate (CH3OI)2 COII, shifts the frequency of the 
symmetrical and asymmetrical vibration and causes an increase of the 
splitting (νCOII = 1870 cm-1, νCOI = 1260 cm-1, ∆ν = 600 cm-1) [108]. 
The band with the maximum at 1660 cm-1 is assigned to the 
asymmetrical vibration mode of surface carboxylates (CO2-) [21, 81].  
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Figure 4.20: Spectral region between 2000 and 850 cm-1, where carbonate related species 
and oxygen ions appear. 
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Figure 4.21 shows spectra recorded at 300°C in dry air in the presence of 
different CO concentrations (60-500 ppm). 
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Figure 4.21: DRIFT spectra of un-doped sensors at 300°C in dry air. Top left: Spectral 
range between 4000 and 850 cm-1. Top right: the OH/H2O region. Bottom 
left: Characteristic spectral region for CO, CO2 and, in this study H3O+, H5O2+ 
vibration. Bottom right: The spectral region between 2000 and 850 cm-1 
shows the characteristic deformation mode of the water, hydroxyl groups, 
vibrations corresponding to carbonate like species and oxygen.  
Basically, changes in the spectra recorded at 300°C in dry air in the 
presence of CO are similar to the ones for the case of 150°C. In the 
presence of CO what was detected was a decrease of the band intensity 
ascribed to surface hydroxyl groups, water, oxygen species and an increase 
of bands assigned to hydrated proton species, CO, CO2 in the gas phase, 
carboxylates (CO2-) and bridged carbonate. However, the intensities of the 
absorption bands and the shapes of the spectra recorded at 300°C in dry air 
are different from those at 150°C. In the middle spectral range between 
3000 and 2000 cm-1 additional to the broad band corresponding to the 
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hydrated protons (maximum at about 2550 cm-1) a new band corresponding 
to H5O2+ (2100 cm-1), called Zundel structure overlapping with the CO 
rotation vibration band, was detected. At 300°C, the intensity of the broad 
absorption is lower than that at 150°C. The maximum of this broad band is 
shifted to the higher wavenumbers and its shape differs from the spectrum 
recorded at 150°C. If the interpretation that the broad absorption is caused 
by the electronic transition from shallow levels into the conduction band is 
true, the shift of the maximum of the broad band absorption can indicate 
that the transition occurs probably from different shallow levels during the 
reaction depending on the measurement condition (temperature, humidity). 
The reason for the creation of different shallow levels might be the reaction 
of CO with surface oxygen, which was assumed by ISS measurements [30]. 
It must be stressed again that for a better understanding of the origin of 
this broad absorption band, we need additional calculations and further in 
situ experiments.  
At 350°C in dry air, the observed changes in the spectra are not very 
different from the ones at 150 and 300°C. However, the intensities of the 
absorption bands are much less pronounced than in the case of lower 
temperatures (see quantitative analysis). Especially CO and CO2 bands, 
supposed to be in the cavity of the sensitive layer, are hardly detectable. 
The bad signal-to-noise ratio of the spectra recorded in the presence of 350 
and 500 ppm CO hinders the recognition of the rotation vibration fine 
structure of CO, if CO exists. Although the signal-to-noise ratio is much 
higher in the spectra recorded in CO concentrations lower than 350 ppm, no 
CO vibration mode was detected.  
Figure 4.22 shows spectra taken in the presence of different CO 
concentrations (30-500 ppm) at 350°C in dry air in various spectral ranges. 
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Figure 4.22: DRIFT spectra of un-doped sensors at 350°C in dry air. Top left: Spectral 
range between 4000 and 850°C. Top right: the OH/H2O region. Bottom left: 
Characteristic spectral region for CO, CO2 and in our measurements H3O+ 
vibration. Bottom right: Spectral region between 2000 and 850 cm-1 where 
the characteristic deformation mode of the water, hydroxyl groups, vibrations 
corresponding to carbonate like species and oxygen appear.  
Figure 4.23 presents resistance changes (left) and the sensor signal 
(right) at 150, 300 and 350°C in dry air as a function of CO concentration 
and of time. The sensor resistance in dry air does not differ between 150°C 
and 300°C (slightly increased), but it decreases dramatically at 350°C. At all 
temperatures, the sensor resistance decreases in the presence of CO in 
different magnitudes as the result of the reaction between CO and surface 
oxygen when CO2 is created and an electron is released into the bulk. In the 
raw data of the resistance measurements one can clearly see that at 150°C 
the response time and especially recovery time of the sensor is longer than 
at 300 and 350°C. 
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Figure 4.23: Resistance (left) and sensor signal (right) of un-doped sensor at various 
temperatures as function of CO concentration in dry air. 
Looking at the sensor signal (Figure 4.23 right) obtained at different 
temperatures the lowest sensor signal is at 350°C. At first sight, this is 
surprising, since the concentration of the oxygen ions (O-) should dominate 
at higher temperatures (see Chapter 2.11.1), which is very reactive to CO 
and makes the main contribution to the sensing process measured as 
sensor signal. However, the adsorption of CO decreases with increasing 
temperature and therefore there are not enough CO molecules to react with 
the surface oxygen ions (O-). On the basis of DRIFT measurements, we 
expected that the major sensor signal difference would appear around 
200°C, since a dramatical structure changes in the hydroxyl groups spectral 
range was observed. Spectra recorded at 300 and 350°C were not too 
different from the point of the hydroxyl groups (see chapter 4.1.3.1). As we 
will see in the following chapter, additional to the presence of surface 
oxygen species and hydroxyl groups small amount of water on the surface 
is needed for high sensitivity in order to create surface species which 
provide donors.  
4.1.4.2.2 CO Effect in the Presence of Humidity 
In order to examine the influence of humidity, a set of experiments at 
different relative humidity levels (0, 4, 10, 20 and 50% r.h.) and at several 
temperatures (150, 300, 350°C) were conducted. 
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Figure 4.24: Effect of humidity on the spectra at 150°C (top), 300°C (middle) and 350°C 
(bottom). Two spectral regions are shown. Left: The OH/H2O spectral region. 
Right: The H3O+, CO2, CO region at respective temperatures. 
Figure 4.24 reveals the influence of the humidity on the spectra in the 
presence of 500 ppm CO at different temperatures. Two spectral ranges 
from 4000 to 3000 cm-1 (left) and 3000 to 2000 cm-1 (right) are shown at 
various temperatures. Each spectral region is normalised to a certain value, 
in order to see changes of the spectral features caused by the humidity.  
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Humidity gives rise to the following effects:  
The intensities of all bands ascribed to hydroxyl groups, water and 
different oxygen species decrease in the presence of CO at all temperatures 
and humidity levels employed in this work. Gaseous CO2, like adsorbed 
surface species bridged bidentate carbonate and carboxylates are the 
product of the reaction. 
At 150°C, in the complete spectral range between 4000 and 850 cm-1 
(Only two spectral ranges are shown in Figure 4.24. top left: spectral range 
4000-3000 cm-1 and top right: the spectral range 3000-2000 cm-1) one can 
see that the higher the humidity, the smaller the decrease of band intensity. 
At high temperatures (300 and 350°C), the trend is inverted: the higher the 
humidity, the larger the decrease of band intensities. At these high 
temperatures, in the spectral range 4000-3000 cm-1, negative bands at 
3522 and 3481 cm-1 were seen in the presence of humidity and CO. These 
bands, assigned to rooted OH groups, were initially detected at lower 
temperatures (below 200°C); they shifted and vanished with increasing 
temperatures in dry air (see 4.1.3). The appearance of these bands in the 
spectra as negative bands in the presence of humidity indicate, that they 
were rebuilt at higher temperatures in the presence of humidity and interact 
with CO molecules. It is a confirmation of the assumption that water 
dissociation at the surface at higher temperatures results in different types 
of hydroxyl groups (terminal Sn-OH and rooted hydroxyl group Olat-H).  
The intensity of the bands corresponding to gaseous CO and CO2 was 
also influenced by the humidity. With increasing humidity the intensity of 
the gaseous CO and CO2 located in the pores of material decreases. 
The influence of the humidity on the changes of the band intensity was 
obtained by the quantitative analysis of the individual absorption bands, 
which is presented below. 
Before presenting the results of the quantitative analysis, difference 
spectra created by the comparison of those recorded before and after the 
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exposure of CO at various temperatures, in dry and humid air are shown in 
Figure 4.25 and Figure 4.26.  
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Figure 4.25: Spectra recorded after the exposure to CO in dry and humid air at 150°C. 
Spectrum recorded before the CO pulse was used as reference.  
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Figure 4.26: Spectra recorded after the exposure to CO in dry and humid air at 300°C. 
Spectrum recorded before the CO pulse was used as reference. 
The comparison shows that in each case spectra recorded at 150°C and 
at 300°C in dry air and in the presence of humidity come back to the initial 
state (before CO exposure). The baseline is in the range of 10-3 and it is in 
the range of detector signal-to-noise ratio.  
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In order to get an overview and to obtain a correlation between the 
intensity changes of the reactants and products as functions of temperature 
and humidity levels, a quantitative analysis at each temperature was 
performed. As described in the chapter “Basics and Survey” for the 
quantitative band analysis for the adsorbed species KM-units were used, 
because they show the linear relationship between band intensity (in this 
work calculated as area of an absorption band) and concentration of the 
corresponding adsorbates. For the gaseous species (CO-CO2) –log 
Reflectivity was used.  
In Figure 4.27 and Figure 4.28 results obtained by using the quantitative 
band analysis plotted versus humidity levels and the resistance 
measurements are presented. As mentioned in Chapter 3.10, for the fitting 
of the absorption bands either Lorenz or Voigt functions were used 
depending on the band structure in order to calculate the integrated area. 
Cutting of the wings of the Lorenz curve causes an error of 10-18% which is 
given in the graphs as error bars. 
For the quantitative analysis, hydroxyl groups and different oxygen 
species were considered as reactants (band at 1133 cm-1 assigned to O2--
ions stabilized on Sn3+ and band at 1045 cm-1 assigned to O2- ions stabilized 
at Sn2+). Hydrated proton (H3O+), surface carboxylate-ions (CO2-), and 
surface carbonates were considered as reaction products. 
As mentioned above, for the CO measurements the difference spectra 
were calculated; they show the relative changes determined by the CO 
exposure. It must be pointed out that in the diagrams one must take into 
account the absolute values, the negative values are presenting the 
intensity of the bands which are consumed during the reaction (reactants). 
For example, in Figure 4.27 in the left diagram the relative changes of the 
absorption band intensity at 1045 cm-1 are shown at different relative 
humidity levels. The larger the absolute value, the larger the difference and 
the higher the changes in concentration of the species which are consumed 
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or created by the reaction. Therefore, in the curves presented in Figure 4.27 
and Figure 4.28 minima (reactants) and maxima (for the products) show 
the magnitude of the changes of the band intensity in comparison to the 
initial spectra recorded in the absence of CO.  
Generally, at 150°C one records the biggest changes for products and 
reactants in dry air and at 4% r.h. 
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Figure 4.27: Results obtained by quantitative band analysis for the influence of humidity 
at 150°C. 
A comparison of all humidity dependency curves indicates the following 
correlations between educts and products: 
• OH groups: The maximum differences are in dry air and at very low 
humidity levels. With increasing humidity, the changes are getting 
smaller. It stands out that the changes of the OH-band intensity as a 
function of humidity correlates with the changes of the band intensity 
corresponding to hydrated proton species (H3O+). 
• Oxygen ions (1133 cm-1): Maximum of the difference is in dry air. With 
the increase of relative humidity the changes decrease. It stands out that 
the course of the curve belonging to oxygen behaves in the same way as 
the curve belonging to carbonate ions (CO-3). 
• Oxygen ions (1045 cm-1): The course of the curve, which is a result of 
changes of the band intensity at 1045 cm-1, is quite prominent. A similar 
prominent course was obtained for the surface carboxylate ions (Figure 
4.27, left diagram). This indicates that by the creation of the surface 
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carboxylates the other surface oxygen species (at 1045 cm-1) are 
involved. It must be noted that additional measurements are needed in 
the low humidity range (0-10% r.h.) at this temperature, in order to 
make these results more reliable. This maximum at 4% r.h. could be also 
an outlier. 
• Generally, one can say that with increasing humidity the concentration 
differences (always in comparison to the CO free spectrum) decrease for 
educts and products at 150°C. The interaction between CO and surface 
species is inhibited by humidity. 
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Figure 4.28: Results obtained by quantitative band analysis for the influence of humidity 
at different temperatures. Top 300°C and bottom 350°C 
A shift of the maximum changes towards low humidity levels (4 and 
10% r.h.) was recorded at high temperatures. The relationships at 150°C 
between educts and products described above were observed also at 300 
and 350°C, although the relationships between educts and products are not 
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so clear as in the case of at 150°C. For the un-doped sensor at the 
investigated temperatures and humidity levels, the results can be 
summarised as 1) surface hydroxyl groups are involved in the creation of 
the hydrated protons; one should note the following changes of the 
concentration of the hydroxyl groups: In the temperature cycle, two types 
of terminal hydroxyl groups were detected on the surface. The transition 
temperature from one type to the other was found to be around 200°C. Due 
to different extinction coefficients, the concentrations of the hydroxyl 
groups measured below and above 200°C cannot be compared. Therefore, 
one cannot say that the decrease of the hydroxyl groups intensities (-2) is 
bigger than the decrease of the hydroxyl groups intensity at 300°C (-1). 
Only the differences of the hydroxyl groups’ intensities determined for 300 
and 350°C can be compared directly, 2) different oxygen species (1045 and 
1133 cm-1 respectively) participate in the formation of the surface 
carboxylate and carbonate ions.  
The sensor signal for CO as a function of humidity at various 
temperatures is shown in Figure 4.29 (left). One can see that the sensor 
signal decreases dramatically in the presence of humidity at 150°C, whereas 
an opposite behaviour occurs at higher temperatures (300 and 350°C). On 
the basis of the work function and conductance investigations on Pd-doped 
sensor measured between 200 and 400°C it was found that the humidity 
increases the sensor signal dramatically due to the occurrence of a reaction 
between CO and isolated surface hydroxyl groups in addition to the reaction 
between CO and surface oxygen ions. There [85], it was concluded that the 
reaction between CO and hydroxyl groups takes place at lower 
temperatures and this is the dominating surface reaction, while the reaction 
between CO and surface oxygen ions (O-) is dominating reaction at higher 
temperatures.  
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Figure 4.29: Sensor signal and peak area of the hydrated proton species plotted versus 
different humidity levels at various temperatures.  
During the DRIFT and electrical resistance data interpretation, an additional 
correlation between sensor signals and the peak area of the hydrated 
proton species (area is proportional to the concentration) was found and is 
presented in Figure 4.29. This is an important hint for establishing a 
reaction mechanism or correction of the proposed reaction mechanism 
which was established by the phenomenological measurements discussed in 
section 2.11.3.2. According to these results, CO reacts with surface terminal 
hydroxyl groups to CO2 and releases a hydrogen atom, which combines with 
lattice oxygen and provide donors (rooted hydroxyl groups), i. e. free 
charges. As shown in the DRIFT spectra above, by the reaction in all 
temperature and humidity levels no rooted hydroxyl groups appears in the 
spectra during the exposure of CO. The identification of the hydrated proton 
species offers an alternative sensing mechanism and an improvement of the 
reaction mechanism proposed in earlier studies. 
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Figure 4.30: Sensor signal and intensity of the broad absorption as function of relative 
humidity at 150, 300 and 350°C for 350 ppm CO. 
Figure 4.30 shows the graphs where the sensor signal and the intensity 
of the broad absorption band for 350 ppm CO versus humidity are plotted 
for different temperatures. A very rough correlation between the sensor 
signal and the broad band intensity can be seen by comparing the 
dependency of the sensor signal on the humidity level with the dependency 
of the broad band intensity on the humidity. The broad absorption (almost 
over the total mid infrared range) was discussed in detail in chapter 2.13. 
There, the spectroscopic interpretation of this absorption is compared with 
the results obtained by the phenomenological measurements. It was 
particularly emphasized that this broad absorption must be investigated 
further extensively, because the results of the phenomenological methods 
and IR-spectroscopy are contradictory. Since the interpretation of this band 
is unclear and the broad absorption is not separated from the contribution 
of the scattering of the electrons in the conduction band, in this work, only 
the relationship between the sensor signal and roughly determined intensity 
of the broad absorption is presented.  
The sensor signal at different temperatures recorded in parallel to the 
DRIFT measurements yields similar results as obtained by DRIFT 
measurements and is summarised in the following:  
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• At 150°C an increase of the humidity leads to a decrease of the sensor 
signal. In contrast to the DRIFT measurements, the sensor signal 
decreases dramatically already at a very low humidity level (4%r.h.). In 
DRIFT measurements the highest changes were recorded at low 
humidity levels. Furthermore the intensity of the hydrated proton species 
and the broad absorption shows a slower decay with increasing humidity 
than the sensor signal.  
• At 300 and 350°C the results obtained by resistance and DRIFT 
measurements are in agreement, meaning that the maximum changes in 
both types of measurements are obtained under the same conditions. 
The information obtained by DRIFT spectroscopy and DC measurements 
leads to the following conclusion for the CO sensing mechanism for un-
doped material: CO reacts with all surface species (OHter, OHroot, H2O and 
oxygen species) directly or indirectly. The main products are CO2, hydrated 
protons (H3O+) and their higher homologues (H5O2+), surface carboxylates 
(CO2-) and surface carbonate (CO-3) ions. 
The second important result is the identification of surface carboxylate 
and carbonate ions as reaction intermediate products, which disappear from 
the spectra in the absence of CO. Previous studies of CO adsorption on the 
powder showed sharp bands assigned to surface carbonates (different 
bidentate carbonates) in the spectral range between 2000 and 1000 cm-1. 
Only in vacuum at high temperatures, it was possible to remove the 
bidentate carbonates from the powder surface. Quantitative analysis of the 
time resolved spectra recorded on the powder showed that a consecutive 
reaction was taking place on the powder surface through the CO exposure 
at RT. However, it was not possible to detect any intermediate product. This 
indicates that the surface carboxylates and carbonates detected on the 
sensor surface are intermediate products of the reaction, if the 
measurements are conducted at high temperatures and in flow. 
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In the following, possible reaction mechanisms are established on the 
basis of the correlations described above and the resistance measurements. 
Cartoon presentations are given for a better description of the reaction 
mechanisms. 
CO2CO
-e  
Figure 4.31: A possible reaction mechanism for the CO sensing. CO reacts with the 
surface oxygen ion. In this process an electron is released. 
One of the reactions on the surface is between CO and surface oxygen 
(M-O vibration is at around 1000 cm-1). In this case CO molecules can react 
with surface “lattice” oxygen to CO2 or/and can react with ionosorbed 
surface oxygen to CO2. During the latter reaction, first an intermediate 
product CO2- can be generated, which desorbs to CO2. In the last step, an 
electron will be released to the bulk, which causes changes of the 
conductivity. Both possible reaction pathways are presented in Figure 4.31 
and Figure 4.32. CO2 is the reaction product of the interaction.  
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Figure 4.32: An intermediate product was identified by the reaction between CO and the 
tin oxide surface. CO2- is formed probably during the reaction between CO 
and ionosorbed oxygen species, which reacts to CO2 in the gas phase under 
release of an electron into the bulk. 
Another possible reaction is between CO and molecular oxygen ions (O2- 
localized at Sn2+ (1045 cm-1)). In this reaction, bridged bidentate 
carbonates are formed, which dissociate in the presence of further CO 
molecules to gaseous CO2. Also in this reaction step an electron will be 
given into the bulk, which contributes to the conductivity. In this work, CO3- 
ions are also identified as intermediate products, since they immediately 
lose their intensity in air after CO exposure. A cartoon presentation is given 
in Figure 4.33.  
Results and Discussion 
 119 
-e
CO
O2
-
CO3, ad
-
CO2
CO
intermediate
product
 
Figure 4.33: A second possible reaction mechanism for the CO sensing. CO reacts with 
surface oxygen ions (O2-) to surface carbonate give CO2 in the reaction with 
further CO. 
The experimental results indicate a clear interaction between CO and 
surface hydroxyl groups. The hydrogen atom of those hydroxyl groups is set 
free and reacts with the neighbouring water molecules, which leads to the 
creation of hydrated protons and their higher homologues like H5O2+. 
Pictorial presentation of the reaction is shown in Figure 4.34. 
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Figure 4.34: Schematic presentation of the reaction that takes place between CO, surface 
hydroxyl groups and water molecules. 
At 150°C, the intensity of the already reacted hydroxyl groups in dry air 
was high. Probably, at this temperature in dry air and in the presence of 
very low humidity (4% r.h.) on the surface, enough water molecules were 
present, which can be protonated by different hydroxyl groups. Probably 
150°C is too low for the dissociation of water molecules to differently bound 
hydroxyl groups. When the temperature is increased to 300-350°C a 
dissociation of water molecules takes place on the surface, which makes an 
interaction between CO and hydroxyl groups possible. This fact indicates 
that for optimized sensing the presence of the surface hydroxyl groups and 
surface water is a major precondition. 
During the CO measurements on powders, a decrease of a specific 
hydroxyl group was observed. However, on the sensor surface an 
interaction between CO and a specific hydroxyl group was not observed: CO 
reacts with all sort of surface hydroxyl groups. Since the time resolution of 
the spectrometer was not sufficient for the kinetic investigation, no 
additional information, as found for the powders shown in Figure 4.16, was 
obtained about the correlation between the surface species on the sensor.  
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4.1.4.2.3 CO-CO2 Equilibrium in the Pores of the Sensitive Layer 
Gaseous CO and CO2 were identified in the pores of the samples as 
described in chapter 4.1.3.3. In order to get additional information which 
can give a hint for example about the catalytic conversion, quantitative 
band analysis was performed for CO and CO2. For the band analysis, 
spectra in “–log Reflectivity” were used, since these gases are not adsorbed 
species. In Figure 4.35 the changes of the peak areas are shown 
corresponding to the concentration of CO and CO2 as a function of dosed 
CO concentration at different humidity levels at 150 and 300°C. Only at 
350°C, it was not possible to perform a band analysis, because of the bad 
signal-to-noise ratio and low intensity of the bands, especially in the lower 
concentration range (up to 125-250 ppm CO exposure). A linear relationship 
was observed between peak areas corresponding to the concentration of 
the species and the exposed CO concentration. At 150°C it was not possible 
to recognise the influence of the humidity on the CO-CO2 equilibrium. It 
seems that the humidity does not play a role in the CO-CO2 equilibrium at 
this temperature. 
At 300°C, equilibrium between CO and CO2 in the pores of the sensitive 
layer was assumed, which was also clearly observed on the same type of 
sensor in the previous investigations [109]. At 300°C in dry air, the CO2 is 
influenced by the humidity. A clear influence of the humidity on the CO 
concentration is hardly to be seen due to the low signal to noise ratio in the 
spectra. This result is surprising since - as has been shown by the resistance 
measurements - the sensor signal increases in the presence of humidity. 
Extensively performed consumption measurements [85] on bare substrate, 
substrate provided with electrodes and heater, bare substrate with sensitive 
layer (sensitive layer is Pd doped SnO2 with the average grain size 10 nm) 
on top and complete sensors (Pd-doped sensor) showed that only the 
substrate with electrodes and heater showed the strongest humidity 
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dependence. The consumption by the complete sensor decreases with 
increasing humidity but not so strong as in the case of alumina substrate 
provided with electrodes and heater. The gas interaction is proposed in the 
following way: The CO containing gas flow reaches the sensitive layer 
where part of CO is combusted. The gas penetrates into the porous layer 
and reaches the interdigitated electrodes, where again part of the reaction 
takes place. Moreover, combustion at the heater and uncovered part of the 
electrodes takes place. In this study it was also found that the consumption 
of the sensor is not the sum of the independent contribution of the sensitive 
layer, but the substrate and sensitive layer interact in some way.  
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Figure 4.35: Results obtained by band analysis for CO (left) and CO2 (right) at 150 (top) 
and 300°C (bottom) at different humidity levels (0-50% r.h.) In the diagrams 
for the unconsumed CO, the points deviate from the linear course, since the 
CO rotation fine structure appears in the same spectral range in the 
spectrum as the H5O2+ (Zundel structure), especially in the presence of 
humidity. 
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4.1.4.2.4 Summary 
The sensor surface in the presence of CO was characterized by DRIFT 
and DC measurements at various temperatures and humidity levels.  
At all temperatures the reaction products are the same, only the intensity 
or the concentrations of the surface species differ. At 150°C, the intensity of 
the bands belonging to the reaction products, hydrated proton species 
(H3O+), carboxylate (CO2-) and bridging carbonates (CO3), decrease with 
increasing humidity levels. Obviously, 150°C is too low in order to dissociate 
water molecules into the different types of hydroxyl groups. Probably 
undissociated water hinders the interaction between CO molecules and 
active surface sites. This indicates also that there is no direct reaction 
between water and CO.  
A different equilibrium between CO and CO2 located in the pores was not 
observed at all investigated temperatures. It was observed that the CO/CO2 
equilibrium is not influenced by the humidity at low temperatures, but at 
high temperatures due to the electrodes. The data for CO2 at 300°C and 
350°C could be interpreted, but the CO data are less informative due to the 
low signal to noise ratio of spectra. The humidity effect is much more 
evident in the Pd-doped case. 
In the CO vibration spectral range, neither bands belonging to 
physisorbed CO nor carbonyl complexes (Sn-CO) were detected on the SnO2 
sensor surface at the examined temperatures and humidity levels. 
4.1.4.3 CO Measurements on Pd-doped Sensor  
The same set of CO experiments was performed on the Pd-doped sensor 
in order to examine the effect of the dopant on the CO sensing mechanism. 
Additionally to DRIFT and resistance measurements, a FTIR Photo Acoustic 
Spectrometer (PAS) was mounted within the flow behind the FTIR 
spectrometer. The aim of this addition was to analyse the exhaust gases 
and thus get information about the catalytic conversion of the sensor in 
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parallel to DRIFT and resistance measurements. Detailed conversion 
investigations on the same type of Pd-doped sensor are described in [110].  
Spectra of Pd-doped sensors recorded at different temperatures and at 
different humidity levels are essentially similar to the spectra of un-doped 
ones. All spectra of the un-doped sensors recorded under different 
conditions were shown and the spectral features were described in detail in 
the last chapter. Therefore, in the following not all spectra of the Pd-doped 
sensor will be shown and only selected spectra will be presented. Instead of 
spectra, the results of the quantitative analysis for Pd-doped sensor are 
illustrated and compared with the results obtained for the un-doped sensor. 
The comparison of the results obtained both by the DRIFT and resistance 
measurements show the role of the catalyst.  
4.1.4.3.1 CO effect in the Presence of Humidity at Different 
Temperatures 
Figure 4.36 shows spectra of a Pd-doped sensor at 150°C in the presence 
of humidity and 500 ppm CO separated in three spectral regions. Spectra 
recorded in the absence of CO just before CO exposures were used as 
reference as in the case of un-doped sensor. As mentioned in the 
experimental part negative bands mean a relative decrease of the band 
intensity and positive bands mean a creation or a relative increase of the 
band intensities. In the spectral range between 4000 and 3000 cm-1 the 
intensity of all bands - those ascribed to terminal, rooted hydroxyl groups, 
associated hydroxyl groups and water molecules – decrease in the presence 
of CO. With increasing humidity the concentration of the hydroxyl groups 
involved in the reaction increases. In the middle spectral range, between 
3000 and 2000 cm-1, the appearance of bands corresponding to hydrated 
proton species and to gaseous CO2 and CO was observed. In the spectral 
range between 2000 and 850 cm-1, what was detected was a decrease of 
the bands belonging to oxygen species. They are very sharp and therefore 
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almost all maxima of the individual absorption bands can be clearly 
distinguished. In the case of the un-doped sensor, the absorption bands 
between 1200 and 850 cm-1 showed a relatively broad absorption with 
several shoulders. In the spectra of the Pd-doped sensor, the decrease of 
the absorption bands corresponding to M-O vibrations (970, 1060 cm-1) in 
the presence of humidity is clearly to be seen. This is an indication that the 
lattice oxygen on the surface reacts with CO.  
Additionally, the appearance of the bands belonging to surface 
carbonates and carboxylates was detected. 
At 150°C, with increasing humidity the following intensity changes were 
observed in the spectral range between 4000 and 850 cm-1. The intensity of 
the consumed reactants (hydroxyl groups, different oxygen species) as well 
as the reaction products (hydrated proton species, the carbonate related 
species) increase. However, the intensity of gaseous CO and CO2 decreases 
with the increasing humidity level. In the case of the un-doped sensor, the 
opposite behaviour was observed at this temperature; namely a decrease of 
all band intensities corresponding to already consumed hydroxyl groups, as 
well as different oxygen species and the decrease of band intensities 
corresponding to reaction products (surface carboxylates, carbonates and 
hydrated proton species). A possible explanation could be the availibity of 
hydroxyl groups through the enhanced dissociation of the water molecules, 
even at this low temperature.  
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Figure 4.36: Spectra recorded at 150°C at different relative humidity levels during 
500 ppm CO adsorption. Top: OH/H2O spectral region, middle: spectral 
region between 3000 and 2000 cm-1, bottom: Spectral region between 2000 
and 850 cm-1. 
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The changes of the spectra recorded at 300, 350°C at different humidity 
levels in various CO concentrations are in general similar to spectra 
recorded at 150°C. Only the magnitude of the changes differs. Figure 4.37 
shows the band analysis results for surface hydroxyl groups, oxygen ions, 
hydrated proton species, carboxylate and bridged bidentate carbonates at 
different temperatures and humidity levels in the presence of 350 ppm CO. 
The lowest relative change of the band intensities belonging to educts and 
products is detected in dry air at all examined temperatures. In the 
presence of humidity, the relative changes of the intensity corresponding to 
the reaction products (H3O+, H5O2+, CO2-, CO3-) become more pronounced.  
At 150°C the maximum of the relative changes of the band intensities is 
at 20% r.h. Both the intensity of the educts and products seem to reach 
saturation (no difference between 20 and 50% r.h.).  
At 300°C and 350°C, the relative changes of intensity corresponding to 
surface species show an almost linear increase with the humidity. 
From the diagrams shown in Figure 4.37, a correlation among educts and 
products is not as clear as for the un-doped sensor at low temperature 
(150°C). 
It should be kept in mind that the concentration of the different O2- ions 
should be very low at 300 and 350°C. At these temperatures, O--ions are on 
the surface and the reaction between CO and O- should be dominant, most 
probably via carboxylate ions. 
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Figure 4.37: Results obtained by band analysis for hydroxyl groups (OH), different oxygen 
species (O2-) (Educts, left column), hydrated protons (H3O+), carboxylates 
(CO2-), bridging carbonate (CO3) (products, right column) at 150°C (top), 
300°C (middle), 350°C (bottom). 
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Figure 4.38 shows the resistance of the sensor in air, at different CO 
concentrations and humidity levels at 150° (top) and 300°C (bottom). The 
sensor resistance decreases with increasing humidity at all examined 
temperatures, which is explained by the following reaction on the basis of 
literature, work function and conductance measurements on the same type 
of sensor [85] and on the basis of our results obtained by DRIFT 
spectroscopy: 
−+ ++−→+ eHOOHSnSnOH lat22  
From the raw data one can easily see that the sensor resistance deviates 
from the original value and the recovery time of the sensor is getting longer 
with increasing humidity level at low temperatures. Moreover, the response 
time of the sensor resistance is not influenced by the humidity. At higher 
temperatures, the sensor resistance stays stable at all humidity levels. Both 
the recovery time and the response time of the sensor are very short and 
not affected by humidity. 
Furthermore, the decrease of the resistance increases in the presence of 
humidity. This higher sensibility in humid air is explained by a possible 
reaction found in the previous detailed studies using work function and 
conduction measurements on the same type of sensor [9, 85]: CO reacts 
with water related species under the release of electrons. In these 
investigations performed on Pd-doped sensor it was found that this reaction 
dominates at lower temperatures since the concentration of the oxygen ions 
(O-) is too low at low temperatures, while the reaction between CO and 
oxygen ions (O-) makes a major contribution to the sensitivity at high 
temperatures. 
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Figure 4.38: Resistance of the Pd-doped sensor at 150 (top) and 300°C (bottom) in the 
presence of humidity and various CO concentrations. 
Comparing the sensor signal with the concentration of hydrated proton 
species indicates that both are well correlated (Figure 4.39). The results 
obtained by DRIFT spectroscopy also indicate that CO reacts with surface 
hydroxyl groups. However, the strong and obvious correlation between 
sensor signals and hydrated proton species confirms the reaction 
mechanism proposed in this research and described above for the un-doped 
sensor: CO reacts with surface terminal hydroxyl groups to CO2 and 
releases hydrogen atoms. These react with the neighbouring surface water 
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molecules to H3O+ that are donors, instead of the rooted hydroxyl groups 
supposed on the basis of phenomenological measurements. In the DRIFT 
spectra no indication was observed towards creation of rooted hydroxyl 
groups by CO reaction. 
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Figure 4.39: Sensor signal (left) and peak area of hydrated proton species (right) as a 
function of relative humidity for 350 ppm CO at different temperatures. 
In Figure 4.40, the sensor signal and the intensity changes of the broad 
band at 1933 cm-1 are presented as a function of humidity.  
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Figure 4.40: Sensor signal as a function of humidity at different temperatures (left) and 
intensity of the broad band at 1933 cm-1 (right). 
Also, as in the case of the un-doped sensor, for the Pd-doped sensor a 
correlation between the sensor signal and the intensity of the broad 
absorption covering almost the total MIR range was observed. From both 
graphs one can see that the highest sensor signal and maximum changes in 
the band intensity were in the presence of humidity at the lowest 
temperature investigated in this research. At 150°C the sensor signal 
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increases almost linearly between dry air and 10% r.h., then it reaches 
saturation. Similar behaviour was observed, if the intensity of the broad 
absorption was plotted versus humidity.  
Figure 4.41 and Figure 4.42 present the spectra which were recorded in 
dry air and in the presence of 50% r.h. after CO exposure at 150 and 300°C 
respectively. The spectrum recorded before CO exposure in the 
corresponding temperature and humidity is used as reference spectrum. In 
all spectra no absorption bands are detected, which indicates that the 
surface has completely regenerated. Looking at the resistance data at 
different temperatures and humidity levels presented in Figure 4.38, one 
can see that the resistance values in all measurement conditions at 300°C 
reach similar resistance value after one hour purging with dry/humid air. 
However, this is not the case in the measurements conducted at 150°C in 
the presence of humidity. The sensor generally needs a longer recovery 
time in the presence of humidity. 
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Figure 4.41: Spectra recorded after the exposure to CO in dry and humid air at 150°C. 
The spectrum recorded before the CO pulse was used as reference. 
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Figure 4.42: Spectra recorded after the exposure to CO in dry and humid air at 300°C . 
Spectrum recorded before CO pulse was used as reference. 
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4.1.4.3.2 CO-CO2 Equilibrium in the Pores and in the Exhaust 
Also for Pd-doped sensor, gases (CO, CO2 and H2O) in the exhaust were 
analysed additional to the one (CO, CO2) in the pores. The main aim of this 
experiment was to monitor the system and get additional information about 
the CO-CO2 equilibrium after the sensing processes, i.e. information about 
the catalytic conversion associated with the CO sensing.  
Figure 4.43 presents the results, obtained by DRIFT: gaseous CO and CO2 
are located in the pores of sensitive layers. At all temperatures, one can see 
a clear influence of the humidity on the CO/CO2 equilibrium, in contrast to 
the case for the un-doped sensor. On the un-doped sample, no humidity 
effect was observed at low temperature, and at higher temperatures the 
signal to noise ratio of the spectra was bad which leads to difficult data 
interpretation and makes it more difficult to see the influence of the 
humidity on the CO consumption. At 150°C and 300°C, the highest signal 
for CO2 was obtained in dry air. With increasing humidity the generation of 
CO2 decreases. As mentioned above for the un-doped sensor, the decrease 
of the CO2 concentration in humidified air is due to electrodes working as 
some kind of additional doping, which was found on the basis of 
consumption measurements performed on different samples (bare alumina 
substrate, alumina substrate provided with electrodes and heater, bare 
alumina substrate plus a SnO2 layer on top, complete sensor) [85]. In the 
graph for CO, the starting points of the curves deviate from each other 
much more than for the CO2-curves (Figure 4.43). This can be explained by 
the overlapping of the CO band with that of the H5O2+-ions. This makes it 
difficult to conduct a precise band analysis. 
One should note that it was not possible to evaluate the data for 4 and 
10% r.h., due to the very bad signal-to-noise ratio. 
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Figure 4.43: Results of band analysis for CO (left column) and CO2 (right column) at 
different temperatures and humidities. Top: 150°C, middle: 300°C, bottom 
350°C. 
Figure 4.44 shows the data recorded with a photoacoustic spectrometer 
corresponding to the resulting gas concentration in the exhaust after the 
sensing took place. The sensor temperature was 150°C and the relative 
humidity was 20% r.h. The diagram shows the concentrations of CO and 
CO2 gases in the exhaust (after 30, 60, 100, 250, 350, 500 ppm CO 
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exposure). As described above, CO in different concentrations was delivered 
to the sensor for one hour (350 ppm CO was exposed for 2 h); in the 
diagram one can see that the signal reaches the equilibrium only after one 
hour. This fact is due to the volume of the sampling bag of the photo 
acoustic spectrometer. 
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Figure 4.44: CO-CO2-Equilibrium in the exhaust. Pd-doped sensor at 150°C in humid air 
(20% r.h.). Data is recorded using a photoacoustic infrared spectrometer.  
Evaluated data for the CO and CO2 concentrations, in the exhaust as a 
function of exposed CO concentration are presented in Figure 4.45. At 
150°C the CO2 concentration depends on the humidity. The higher the 
humidity level, the lower the CO2 concentration. Also at 300°C, the 
concentration of CO increases and the concentration of CO2 decreases in 
the exhaust in humidified air, but the humidity influence is not so high as at 
150°C. At 350°C, the influence of the humidity on the CO concentration in 
the exhaust is smaller than at 150 and 300°C and the influence of the 
humidity on the CO2 concentration is negligible. This result is not in 
agreement with the results obtained by the consumption measurements 
performed on the same type of sensor, where the effect of the operation 
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temperature (200-400°C) on the consumption was studied. By this 
investigation a stronger humidity influence on the CO consumption at higher 
temperatures was found. For the explanation of this effect there is a need 
for additional measurements. 
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Figure 4.45: CO and CO2 concentration as a function of exposed CO concentration at 
various humidity levels.  
Results of quantitative analysis for the gaseous CO and CO2 obtained by 
parallel recorded DRIFT spectra (as far they can be evaluated) and photo 
acoustic spectroscopy are to a large degree in agreement. 
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4.1.5 Comparison of the Un-doped and Pd-doped Sensor 
Figure 4.46 presents an overview of the results of the band analysis and 
the sensor signal for Pd-doped (left column) and un-doped sensor (right 
column) at 150°C for 350 ppm CO. 
In the case of the un-doped sensor, the difference of the intensity 
corresponding to hydroxyl groups and surface oxygen species decreases 
with increasing humidity, for the Pd-doped sensors the opposite tendency is 
the case. Accordingly, the higher the humidity level, the lower are the 
intensity changes corresponding to the reaction products (H3O+, CO2-, CO3-) 
for the un-doped material. In the case of Pd-doped material, the intensity 
changes of the reaction products (H3O+, CO2-, CO3-) increase with increasing 
humidity.  
The intensity changes of the surface species are nearly ten times higher 
in the case of the Pd-doped sensor. Also, the results obtained by the 
resistance measurements are in very good agreement with the 
spectroscopic results. The sensor signal of the un-doped sensor decreases 
with increasing humidity levels at 150°C, but the sensor signal of the Pd-
doped sensor increases with increasing humidity levels and the effect is also 
ten times stronger. 
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Figure 4.46: Results obtained by DRIFT spectroscopy and resistance measurements and 
at 150°C on the Pd-doped (left) and un-doped sensor (right). 
Figure 4.47 presents the band analysis results for surface species 
involved in the reaction with CO and electrical resistance changes at 300°C. 
The maximum changes of the band intensity were observed in 4% and 
10% r.h. in the case of un-doped sensor. At high humidity such as 20 and 
50% r.h. the intensity changes are smaller and comparable with those in 
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dry air. For the Pd-doped sensor, we found a nearly linear increase of the 
intensity changes with increasing humidity. The highest sensor signal was 
obtained also at 10% r.h for un-doped sensor but at 50% r.h for Pd-doped 
ones. Therefore, the spectroscopic and electrical results are in very good 
agreement.  
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Figure 4.47: Results obtained by DRIFT spectroscopy and resistance measurements and 
at 300°C on Pd-doped (left) and un-doped sensor (right). 
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Figure 4.48 presents the band analysis results for surface species 
involved in the reaction with CO and electrical resistance changes at various 
humidity levels and a sensor temperature of 350°C. 
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Figure 4.48: Results obtained by DRIFT spectroscopy and resistance measurements and 
at 350°C on Pd-doped (left) and un-doped sensor (right). 
The results at 350°C are very similar to the results at 300°C. In the case 
of the un-doped material, the maximum intensity changes are obtained at 
Characterisation of the Samples 
142 
low humidity levels. At higher humidity, the relative changes of the band 
intensity strongly decrease. In the case of Pd-doped sensor, the intensity of 
the changes increases with increasing humidity. 
As a summary, it can be seen that both types of sensors show a different 
dependency on humidity at different temperatures. The amount of the 
decrease of the reactant concentration and increase of the product 
concentration is much higher in the case of Pd-doped sensor than in the 
case of un-doped ones. Comparing the values of the concentration of the 
products, for the Pd-doped the maximum is at 300°C in the presence of 
50% r.h., for the un-doped one at 300°C in the presence of 10% r.h. Also, 
the concentration of the H3O+-ions is four times higher in the case of Pd-
doped sensor than in the case of an un-doped one. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Conclusions and Outlook 
 143 
5 Conclusions and Outlook 
The studies presented in this work have shown that thick film sensors can 
easily be characterised in different working conditions (at elevated 
temperatures, in the presence of humidity) using Diffuse Reflectance 
Infrared (DRIFT) spectroscopy. Due to its sensitivity to surface species 
chemical compounds involved in the gas reaction were detected. This would 
not have been possible with other methods. In this research, un-doped and 
Pd-doped SnO2 sensor surfaces were characterized at different 
temperatures using two different methods in parallel: DRIFT spectroscopy 
and electrical measurements. Simultaneous recording of the DRIFT spectra 
and the sensor resistance helped to clarify the role of the individual surface 
species in the sensing mechanism. The proposed models for the sensing 
mechanisms, which were established on the basis of the spectroscopic data 
in the frame of this study, are only partly in agreement with the previous 
results obtained by phenomenological measurements on the same samples 
by other authors. Results of the work presented here show that several 
reactions take place in the presence of CO depending both on temperature 
and humidity. It was found that all surface species are involved in the 
reactions and it is supposed that parallel and consecutive CO reactions take 
place on the surface. 
In addition to identifying the chemical compounds, it was clearly 
demonstrated that one also obtains further information on e.g. the CO/CO2 
equilibrium in the pores and its humidity dependency, which corresponds to 
the CO consumption during the reaction. 
In the following, reaction mechanisms proposed for low and high 
temperatures as well as the influence of the catalyst and humidity on the 
reaction with CO are summarised. 
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5.1 Reaction Mechanism at Low Temperature (150°C) 
5.1.1 In the Absence of Humidity 
At low temperature, various hydroxyl groups, coordinated water and 
differently adsorbed oxygen species were detected on the surface. The CO 
oxidation by the ionosorbed reactive oxygen ions (at low temperatures, 
mainly O2--ions are present on the surface, the concentration of the O--ions 
is very low), which is a well accepted reaction mechanism, is confirmed 
using DRIFT spectroscopy. CO reacts with ionosorbed oxygen ions to form 
surface carbonates and carboxylates. On the basis of powder and in-situ 
sensor measurements it is suggested that those bridged bidentate 
carbonates and carboxylates are intermediate products of the reaction. The 
end product of the reaction is CO2 in the gas phase. Furthermore, it was 
shown that the active lattice oxygen species (M-O) participate in the 
reaction with CO. 
A second reaction, which takes place in parallel to the above one, was 
found between CO and hydroxyl groups and water resulting in hydrated 
proton species and their higher homologues. Both the quantitative band 
analysis for these species and the sensor signals show a similar extent of 
changes at higher temperatures (very similar to measurements carried out 
at 300°C). 
On both types of sensors the same reactions take place. Although the 
sensor signal of both types of sensors is in the same range at low 
temperature and in dry air, the response and recovery time is much shorter 
for the Pd-doped sensor.  
5.1.2 In the Presence of Humidity 
The adsorption mechanism of water proposed by previous other studies 
are confirmed on the basis of DRIFT spectroscopy. In the case of the un-
doped sensor, it was found that water dissociates only at very low humidity 
levels (4 and 10% r.h.). At higher humidity levels, tin dioxide is not able to 
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dissociate the water molecules into the surface hydroxyl groups and mainly 
molecular water is present on the surface.  
CO exposure to the surface influences both sensor signal and relative 
intensity changes of the absorption bands in humid air. In both methods, 
the signal intensity becomes smaller with increasing humidity, which 
indicates that a direct reaction between CO and molecular water does not 
take place, e.g. in a water shift reaction, which was proposed for the 
reaction on ZnO surface at low temperatures.  
The picture changes in the case of the Pd-doped sensor. The results 
obtained by electrical measurements show that the sensor signal increases 
with higher levels of humidity. The highest sensor signal is obtained at a 
high humidity level (50% r.h.) for the Pd-doped sensor. The sensor signal is 
even larger than at higher temperatures. This is explained by the 
dissociation of water molecules into the various hydroxyl groups even at this 
low temperature. Moreover, the sensor response and recovery time are 
short, which are important sensor properties in the field of sensor 
application. These observation leads to the assumption that the palladium 
catalyst accelerates the water dissociation and interaction of the surface 
hydroxyl groups with CO molecules. The quantitative band analysis for the 
hydrated proton species also shows that the intensity of the hydrated 
proton species increases with increasing humidity. This indicates a direct 
correlation between the sensor signal and hydrated proton species. 
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5.2 Reaction Mechanism at High Temperatures (300 and 350°C) 
5.2.1 In the Absence of Humidity 
The relative intensity changes of the bands corresponding to surface 
hydroxyl groups, hydrated proton species and the sensor signal are slightly 
larger for the Pd-doped sensor at high temperatures. It is supposed that CO 
reacts almost exclusively with the very reactive ionosorbed atomic surface 
oxygen ions to form CO2, which cannot be confirmed with the measurement 
methods used in this work. 
5.2.2 In the Presence of Humidity 
The effect of the water on the sensing mechanism is widely clarified by 
parallel recording of the DRIFT spectra and sensor resistance. At high 
temperatures, different hydroxyl groups are created on both un-doped and 
Pd-doped sensor surfaces due to the dissociation of water molecules. The 
sensor signal, caused by the CO exposure, increases with the humidity. The 
magnitude of the sensor signal at each temperature and sensor type is 
different, although the tendency is the same: The largest sensor signal was 
obtained at 300°C and at 10-20 % r.h. At 350°C, the largest sensor signal 
was obtained also at 10-20% r.h., but it is smaller than at 300°C. However, 
the response and recovery time of the sensor is shorter at 350°C. The same 
behaviour was seen by the quantitative band analysis for the hydrated 
proton species (H3O+) and their higher homologues (H5O2+) which were 
identified in DRIFT measurements. Their intensity increases with increasing 
humidity at high temperatures in the presence of CO. This high correlation 
between the sensor signal and hydrated proton species makes clear that the 
generation of the hydrated proton species leads to additional changes in the 
conductance. They are new species acting as donors in the sensing 
mechanisms. 
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5.3 Outlook 
Although this work has clarified the CO sensing mechanism in synthetic 
air, there is still need for further investigations to advance the 
understanding of the sensing mechanism on tin dioxide in order to 
systematically improve sensor performance. This further work could include 
isotopic oxygen measurements and H/D exchange measurements with 
deuterated water for a better characterisation of the surfaces. Additionally, 
further investigations are needed for the interpretation of the broad 
absorption band appearing in the total MIR range.  
DRIFT spectroscopy can be very helpful for a better understanding of the 
sensing mechanism of the measurements conducted in the background of 
different carrier gases and/or in the presence of different gases. For 
example, it has already been shown that the sensor signal rises strongly in 
a nitrogen background and in very low oxygen concentration [111].  
In order to understand the role of substrate and electrodes in gas 
sensing, measurements should be conducted on substrates (blank and 
substrate with electrode) under the same conditions. 
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